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Abstract
I present a model addressing coherently the naturalness problem of the electroweak scale
and the observed pattern of deviations from the Standard Model in semi-leptonic decays
of B mesons. The Higgs and the two scalar leptoquarks responsible for the B-physics
anomalies, S1 = (3¯,1, 1/3) and S3 = (3¯,3, 1/3), arise as pseudo Nambu-Goldstone bosons
of a new strongly coupled sector at the multi-TeV scale. I focus on an explicit realization of
such a dynamics in terms of a new strongly coupled gauge interaction and extra vectorlike
fermions charged under it. The model presents a very rich phenomenology, ranging from
flavour observables, Higgs and electroweak precision measurements, and direct searches
of new states at the LHC.
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1 Introduction
The search for phenomena beyond those described by the Standard Model (SM) at the
Large Hadron Collider (LHC) has been motivated mainly by the naturalness problem of
the electroweak (EW) scale. Indeed, its solutions predict new physics (NP) not too far
from the electroweak scale. However, none of the expected spectacular signatures have
been observed thus far, pushing the mass scale of new physics particles to uncomfortably
high values and implying that at least some amount of tuning most likely has to be
accepted.
While the experimental situation in high-pT searches might look somewhat depress-
ing, a set of interesting deviations from the SM predictions started to appear a few
years ago in semileptonic decays of B mesons, particularly in observables testing lepton-
flavour universality (LFU). The first deviations were observed by the BaBar collabora-
tion in the charged-current transition b → cτ ν¯ via the observables R(D(∗)) = B(B →
D(∗)τν)/B(B → D(∗)lν) [1, 2]. All subsequent measurements of the same observables
by the Belle and LHCb experiments provided results consistently above the robust SM
prediction [3–6]. Global fits [7] put the combined statistical significance just above the
4σ level. A second set of deviations has been observed by the LHCb experiment in rare
neutral-current b→ sµ+µ− transitions. First hints appeared when studying angular dis-
tributions in the B → K∗µ+µ− decay [8, 9] as well as in decay rates of other processes
with the same partonic transition. These observables, however, face difficulties in the SM
prediction since non-perturbative QCD effects can be sizeable and challenging to con-
trol [10]. Theoretically cleaner observables probing the same partonic transition are the
LFU ratios R(K(∗)) = B(B → K(∗)µ+µ−)/B(B → K(∗)e+e−), which also show consistent
deviations from the SM [11, 12]. The overall significance of the deviations in neutral-
current processes is also above the 4σ level (the precise number depending on the theory
error estimate in the angular observables) [13–19].
Further data to be gathered by the LHCb and Belle II experiments will provide a
conclusive answer as to the nature of these anomalies within the next few years. Therefore
it is now timely to attempt an explanation of the observed pattern of deviations in terms
of some new physics, even more so since such an exercise provides correlations with other
low- and high-energy observables. First attempts towards combined explanations of the
two sets of anomalies have been studied in Refs. [20–40]. Most of these scenarios, however,
face very challenging constraints from ττ searches at the LHC [22,41] and from electroweak
precision data [42–44], mainly due to the low scale of new physics required by the charged-
current anomaly. A first simple solution to these issues was found in Ref. [45], where a
sizeable b−s mixing allows to raise the new physics scale enough to pass both the collider
and the electroweak precision data bounds. A large flavour-violating coupling, however,
carries potential problems in B → K∗νν and B-meson mixing, which must be addressed
in a realistic scenario.
At the level of simplified models, a classification of the new particles, and their prop-
erties, which can generate the required operators when integrated out at the tree-level
while avoiding other constraints, has also been presented in Ref. [45]. These are:
• a vector leptoquark, Uµ1 = (3,1, 2/3),
3
• a pair of scalar leptoquarks, S1 = (3¯,1, 1/3) and S3 = (3¯,3, 1/3),
where I show the representation under the SM gauge group GSM = SU(3)c × SU(2)w ×
U(1)Y .
Going beyond simplified models, embedding these leptoquarks (LQ) in a more com-
plete theory can offer further insight and new correlations with different observables, such
as direct searches of other particles predicted by the UV theory. A first observation to be
made when thinking about possible UV realisations is that the mass scale of the lepto-
quarks required to fit the B-physics anomalies is close to ∼ 1 TeV, which corresponds also
to the scale where new physics related to the electroweak hierarchy problem is supposed
to be. This coincidence of scales is a strong motivation to look for UV theories which
address both issues in a coherent manner.
Some examples of embedding the vector LQ Uµ1 in a more complete theory have
been presented in the literature. For example, it can be recognised as one of the heavy
gauge bosons in Pati-Salam unification, or variations thereof [46–51]. In these scenar-
ios, however, the naturalness problem remains unaddressed. Alternatively, Uµ1 could
arise as a composite vector resonance of a new strongly coupled sector lying at the TeV
scale [33, 52, 53]. In some of these setups the same sector could also generate the Higgs
boson as a pseudo-Nambu-Goldstone boson (pNGB), as in composite Higgs models. In all
these scenarios other states, such as neutral or color-octet vectors, are necessarily present
with a mass close to the LQ one. They usually generate undesired too large effects in
∆F = 2 processes and direct searches, inducing some tension in the models. The problem
can be summarised as the fact that the mass scale of the other resonances contributing
significantly to flavour is naturally at the same scale as the vector LQ: mV LQ ∼ Λ.
The scalar leptoquarks S1 and S3, on the other hand, can be naturally lighter than
the other states in the theory if they arise as pNGB of some spontaneously broken global
symmetry of a new strongly coupled sector:
mSLQ  Λ . (1.1)
This splitting naturally explains why the effects of the scalar leptoquarks in flavour ob-
servables are the leading ones. This idea was explored in Refs. [54,55] in an effective field
theory (EFT) approach, where however only the neutral-current anomalies were consid-
ered. In such a setup it is natural to consider also the Higgs boson as a pNGB of the same
dynamics, thereby realising a composite Higgs model [56,57] and addressing the natural-
ness problem of the electroweak scale. The S1 and S3 LQs have already been considered,
also separately, as possible mediators for either the neutral- or charged-current anomalies
(or both) in Refs. [24, 28,31,34,37,38,45,54,55,58–61].
Following this route, in this work I present a natural model able to address at the same
time both the charged- and neutral-current B-physics anomalies via the exchange of the
S1 and S3 scalar leptoquarks. They arise as pNGB, together with the Higgs boson, from
a new strongly coupled sector at the ∼ 10 TeV scale. Rather than employing an EFT-like
approach, in order to be more predictive and to provide a more realistic and UV-complete
setup I also specify the strong dynamics as a four-dimensional fermionic confining gauge
theory [62–70]. This puts strong constraints on the viable global symmetry-breaking
patterns, therefore on the low-energy chiral Lagrangian.
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SU(NHC) SU(3)c SU(2)w U(1)Y
ΨL NHC 1 2 YL
ΨN NHC 1 1 YL + 1/2
ΨE NHC 1 1 YL − 1/2
ΨQ NHC 3 2 YL − 1/3
Table 1: Extra Dirac fermions charged under the hypercolor SU(NHC) gauge group. YL is a
free parameter.
The structure of the paper is as follows. In Section 2 I introduce the specific fun-
damental Composite Higgs model, its global symmetries and the low-energy pNGB field
content, which includes two Higgs doublets and the two scalar LQ among other fields.
In Section 3 I discuss the way by which elementary fermions couple to the composite
sector, thereby generating the Higgs Yukawa and leptoquark couplings. These couplings,
together with SM gauge interactions and fermion masses break explicitly the global sym-
metry of the strong sector. This generates a scalar potential for the pNGB, which is
studied in Section 4. This potential is responsible for the Higgs non-vanishing vacuum ex-
pectation value (vev) and for electroweak symmetry breaking (EWSB), Section 4.4. The
flavour phenomenology arising from the LQ couplings to fermions, including the fit to
the B-physics anomalies, is studied in Section 5. The most interesting collider signatures,
as well as the present limits from direct searches, are presented in Section 6. Finally, I
conclude in Section 7.
2 A fundamental Composite Higgs Model
The naturalness problem of the electroweak scale can be solved by assuming that the Higgs
boson is a composite state of a new strong dynamics at a scale Λ ∼ TeV. Furthermore,
the splitting mh  Λ, required by phenomenological constraints, can be naturally realised
if the Higgs arises as a pseudo Nambu-Goldstone boson from the spontaneous breaking
of an (approximate) global symmetry of the strong dynamics [56,57], in close analogy to
the pions in QCD.
Extending this idea to include the scalar leptoquarks S1 and S3, I construct a fermionic
fundamental description of a composite model, from which both the scalar LQ and the
Higgs arise as pNGBs. See App. A for a general discussion on the requirements such a
UV setup should satisfy.
2.1 The explicit model
As sketched already in Ref. [45], and in analogy with Refs. [27, 68, 69], I add a new non-
abelian gauge group GHC = SU(NHC), assumed to confine at a scale ΛHC ∼ 10 TeV, and
a vectorlike set of fermions in the fundamental (and anti-fundamental) representation of
this new gauge group and charged under the SM group as well. The extra matter content
considered in this work, classified in representations of SU(NHC) × SU(3)c × SU(2)w ×
U(1)Y , is shown in Table 1. The kinetic term of the Lagrangian for the theory above ΛHC
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reads
LHC = −1
4
∑
X=HC,c,w,Y
FXµνF
Xµν +
∑
j=Q,L,N,E
Ψ¯jiγ
µDµΨj , (2.1)
where Dµ = ∂µ−igHCtaAaµ−i
∑
x∈c,w,Y g
SM
x t
x
SMA
SM,x
µ and t
a are the generators of SU(NHC)
in the fundamental representation while txSM are the generators of the SM gauge groups.
1
Since the total number of HC flavours is 10, in the absence of SM gauging and other
explicit symmetry-breaking terms, the global symmetry group of the theory is
G = SU(10)L × SU(10)R × U(1)HB , (2.2)
where U(1)HB is the hyper-baryon number, which is conserved at this stage. The HC-
fermion masses explicitly break the global symmetry G:
LmΨ = −mLΨ¯LΨL −mEΨ¯EΨE −mNΨ¯NΨN −mQΨ¯QΨQ = −Ψ¯aMabPLΨb + h.c. , (2.3)
where PL = (1− γ5)/2. The mass matrix M can also be seen as a spurion transforming
under G as M → gRMg†L. The phenomenological requirement of custodial symmetry
imposes mE = mN , since otherwise a large breaking of custodial symmetry would appear
in the Higgs potential. As shown in Section 4.4, these arbitrary masses should be slightly
below the electroweak scale mΨ . v. A possible way to address this apparent coincidence
of scales is mentioned at the end of this subsection.
The three fields ΨL, ΨN , and ΨE reproduce the minimal viable composite Higgs
scenario with complex representations, with a G → H pattern SU(4)L × SU(4)R →
SU(4)V [63, 68, 69]. The field ΨQ, containing six flavours from the HC point of view, is
required to have also the two scalar LQ S1 and S3 as pNGBs. The only difference in the
field content with respect to Ref. [68] is in the fact that here ΨQ is a SU(2)w doublet
rather than a singlet.
Since the HC gauge interaction must confine at the scale ΛHC , it has to be asymptot-
ically free in the ultraviolet. In App. B I show that, with the field content in Table. 1,
this is true for any NHC ≥ 2. Furthermore, depending on YL and NHC , the SM gauge
couplings can remain perturbative up to the Planck scale. Nevertheless, the extra dy-
namics which must be introduced slightly above the scale ΛHC in order to generate the
SM Yukawas and leptoquark couplings, is expected to alter the RG evolution of all the
gauge couplings.
Another interesting possibility is for GHC to be approximately conformal above ΛHC ,
up to a scale ΛFP [62, 72, 73]. This would allow a larger separation between the flavour
and compositeness scales. Also, in this case ΛHC could be generated by the soft breaking
of the conformal symmetry due to the HC-fermion masses, thus potentially explaining
dynamically the approximate coincidence between ΛHC and mΨ. Perturbative computa-
tions suggest that for GHC = SU(3) the strong dynamics has a strongly coupled IR fixed
point in the window 9 ≤ NF ≤ 16 [68], which includes this setup. See also Refs. [74–81]
for lattice studies for different values of the number of flavours.
1To this Lagrangian one should also add the θ terms for QCD and for the HC group. The former
experimentally has to be very small while the latter might induce new sources of CP violation and might
also address the strong CP problem [71].
6
2.2 Condensate and pNGBs
This theory is expected to form a condensate [82–84]
〈Ψ¯iΨj〉 = −B0f 2δij , (2.4)
where B0 is a non-perturbative constant (see e.g. Refs. [85,86] for the QCD case), which
in the QCD case is approximately given by B0 ≈ 20f . For NHC = 3 and NF = 10 also
the condition quoted in Ref. [87] for the condensate to form is satisfied.
This condensate spontaneously breaks the global symmetry G, Eq. (2.2), to the diag-
onal subgroup
G = SU(10)L × SU(10)R × U(1)HB → H = SU(10)D × U(1)HB , (2.5)
generating a set of 99 real pNGBs transforming in the adjoint of SU(10)D. They can be
described in terms of the matrix U(φ) ≡ u(φ)2,
U [φ(x)] = exp
(
2i
φα(x)
f
Tα
)
, (2.6)
transforming under (gL, gR) ∈ G as U → gRUg†L [88,89]. In the expression above, f is the
NGB decay constant and Tα are the SU(10) generators normalised as Tr[TαT β] = 1
2
δαβ.
The complete list of generators and the SM embedding is detailed in App. C.1. The
pNGBs are arranged into representations of GSM = SU(3)c × SU(2)w × U(1)Y as (see
App. C.2 for details):
valence irrep. valence irrep. d.o.f.
H1 ∼ iσ2(Ψ¯LΨN) (1,2)1/2 H2 ∼ (Ψ¯EΨL) (1,2)1/2 4 + 4
S1 ∼ (Ψ¯QΨL) (3¯,1)1/3 S3 ∼ (Ψ¯QσaΨL) (3¯,3)1/3 6 + 18
ω± ∼ (Ψ¯NΨE) (1,1)−1 ΠL ∼ (Ψ¯LσaΨL) (1,3)0 2 + 3
R˜2 ∼ (Ψ¯EΨQ) (3,2)1/6 T2 ∼ (Ψ¯QΨN) (3¯,2)5/6 12 + 12
p˜i1 ∼ (Ψ¯QTAΨQ) (8,1)0 p˜i3 ∼ (Ψ¯QTAσaΨQ) (8,3)0 8 + 24
ΠQ ∼ (Ψ¯QσaΨQ) (1,3)0 ηi ∼ 3× cai (Ψ¯aΨa) (1,1)0 3 + 3
. (2.7)
These include two Higgs doublets H1,2 as well as the two leptoquarks S1,3. A general
bottom-up study of composite Higgs models with two Higgs doublets can be found in
Ref. [90].
In order to estimate the size of various operators in the low energy chiral Lagrangian, I
assume na¨ıve dymensional analysis (NDA) as the power counting scheme [91], opportunely
extended to the fermion sector (see e.g. Ref. [92]):
Leff ∼ Λ2f 2
(
Λ
4pif
)2L(
φa
f
)Eφ (gVµ
Λ
)EV ( ψ√
Λf
)Eψ (∂µ
Λ
)d (mΨ
Λ
)χ(gf
Λ
)2µ(
gψf
Λ
)E4f
,
(2.8)
where Λ ∼ g∗f ∼ 4pif , L counts the loop level at which the operator is generated, Eφ,V,ψ
count the insertions of pions, elementary SM gauge bosons and fermions, d counts the
derivatives and χ the mass insertions. Finally, µ ≥ 0 takes into account if some operator
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is further suppressed due to symmetry arguments [92] while E4f ≥ 0 counts insertions of
G-breaking effective four-fermion operators such as those responsible for the SM Yukawas.
The leading-order chiral Lagrangian contains the pNGB kinetic term, a mass term,
and their gauge interactions:
Leffkin =
f 2
4
(
Tr
[
(DµU)
†DµU
]
+ Tr
[
U †χ+ χ†U
])
+O(f 2D
4
Λ2
) , (2.9)
where χ = 2B0M and the covariant derivative is given by DµU = ∂µU − i[ASMµ , U ], with
ASMµ ≡ gsGAµTASU(3)c + gwW iµT iSU(2)w + gYBµTY . The HC fermion mass term M and the
SM gauge interactions are two of the sources of explicit breaking of the global symmetry
G, alongside the coupling of the pNGB to SM fermions. These terms are reponsible
for generating a potential for the pNGBs and giving them all a mass (more details in
Section 4).
I require the pNGB potential to generate a minimum for non-zero Higgs fields, which
thus take a vacuum expectation value, breaking spontaneously the electroweak gauge
symmetry to the electromagnetic subgroup. It can be shown that, up to an unphysical
phase, the most general vev that preserves custodial symmetry at the tree level and leaves
the SM color unbroken is [69]
Ω(θ) ≡ 〈U〉 = 16×6 ⊗

cos θ 0 sin θ 0
0 cos θ 0 sin θ
− sin θ 0 cos θ 0
0 − sin θ 0 cos θ
 , (2.10)
where I factorized the 10×10 matrix U in two diagonal 6×6 and 4×4 blocks. The angle
θ describes the misalignment between the EW-preserving vacuum and the true one [93].2
Inserting this in Eq. (2.9) one gets mass terms for the W and Z bosons, from which one
can recognise 3
2 sin2 θ ≡ ξ ≡ v
2
f 2
, (2.11)
where v ≈ 246 GeV is the SM Higgs vev and I introduced the traditional ξ parameter of
composite Higgs models. More details on EWSB are described in Section 4.4.
3 SM fermion masses and LQ couplings
In order to generate Yukawa couplings between the composite Higgs and the elementary
SM fermions at low energy, the two sectors must be coupled. In this case, also the
couplings of the scalar S1,3 leptoquarks to quarks and leptons must have to be generated
in a similar way.
In modern Composite Higgs models, this is usually achieved by coupling each elemen-
tary SM fermion to a fermionic operator of the composite sector, with the same quantum
numbers: L ∼ ∑ψ λψψ¯SMOψ . After diagonalising the mass matrix before EWSB, the
2The embedding of the Higgs fields in U can be found in Eq. (4.13) and App. C.
3The relation between the scale f defined here and the one of Ref. [69], fMC , is f = 2fMC .
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resulting massless eigenvalues (i.e. the SM fermions) are partially composite, and a cou-
pling with the Higgs is obtained [94]. On the one hand, this setup usually requires light
composite fermionic top partners [95–97] as well as partners for each SM fermion. On the
other hand, in models with a fundamental fermionic description of the HC sector these
composite fermions are baryonic resonances, which are expected to have a mass near ΛHC ,
far too heavy to be viable top partners in a partial compositeness setup. Furthermore,
devising a UV completion of this mechanism has proven to be challenging.4
For all these reasons, I assume instead that the bilinears of SM fermions couple to
scalar operators of the strong sector, which at low energy are interpolated by pNGB
fields such as the Higgses or the leptoquarks, as in original Technicolor models [101,102]:
L ∼ ∑ψ yψψ¯SMψSMO. These couplings can arise from four-fermion operators with two
SM and two HC-charged fermions:
L4−Fermi ∼ cψΨ
Λd−1t
ψ¯SMψSMΨ¯Ψ
E.ΛHC−→ ∼ cψΨf
(
ΛHC
Λt
)d−1
ψ¯SMψSM
φ
f
, (3.1)
where the scaling dimension of the scalar operator (Ψ¯Ψ) is given by d = 3 − δ, where
δ > 0 is the anomalous dimension of the operator. At the scale Λt some dynamics
should be responsible for generating these operators. A sizeable part of the Technicolor
(TC) literature focussed on the study of such a dynamics: Extended TC, Walking TC,
etc.. See e.g. Refs. [103, 104] for reviews of this topic and a list of references. For
this first exploration of the model I take a bottom-up approach and do not discuss UV
completions of these operators, leaving it for a future dedicated analysis. Using simply
the NDA estimate of Eq. (2.8) with E4f = 1 one obtains that the final Yukawa coupling
is yψφ ∼ O(1).
One of the main problems of such a setup is due to the fact that the dynamics respon-
sible for generating these operators is also likely to produce four-fermion operators of the
form
L4−Fermi ⊃ cψψ
Λ2t
ψ¯SMψSM ψ¯SMψSM +
cΨΨ
Λ2t
Ψ¯ΨΨ¯Ψ . (3.2)
The effect of (Ψ)4 operators is to generate further effective contributions to the pNGB
masses in Eq. (4.1). Since these pNGB should be heavy enough to pass the phenomeno-
logical constraints, this is not an unwanted feature. On the contrary, if they generate
large enough masses for the singlets pNGBs, it could be possible to eliminate the need of
fundamental HC fermion masses. The (ψSM)
4 operators, instead, could generate danger-
ous effects in flavour physics (particularly in meson-antimeson mixing and lepton flavour
violating processes).
If the strong sector is close to an interactive IR conformal fixed point above the scale
ΛHC , a sizeable value of the anomalous dimension δ could allow to increase the gap
between ΛHC and Λt, thus suppressing the flavour-violating operators. See e.g. Refs. [62,
72, 73] for modern realisations of this idea and for a discussion of the problems one may
encounter in this approach.
4Possible 4d UV completion of the partial compositeness scenario have been obtained by introducing
extra elementary HC-colored scalars [40,87,94] or in a supersymmetric setup [98,99]. Partial composite-
ness also arises naturally in extra-dimensional holographic Higgs models [100].
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If, instead, the anomalous dimension δ is small, the scale Λt should be not much above
the compositeness scale ΛHC in order to generate the required top Yukawa coupling. In
this case an approximate flavour symmetry is required in order to protect the theory
from unwanted flavour violation effects. In the following I take this approach and assume
that the sector responsible for generating these four-fermion operators enjoys a global
approximate, possibly accidental, SU(2)5 flavour symmetry [105–107]:
GF = SU(2)q × SU(2)u × SU(2)d × SU(2)l × SU(2)e . (3.3)
I also assume that the UV dynamics is such that in the symmetric limit only the third
generation fermions are coupled to the strong sector. All other terms are generated via
small symmetry-breaking effects. These are encoded in a small set of spurions. The mass
of the first two SM families can be generated by a set of bi-doublets:
∆Yu = (2, 2¯,1,1,1) , ∆Yd = (2,1, 2¯,1,1) , ∆Ye = (1,1,1,2, 2¯) . (3.4)
The mixing between these and the third generation, instead, can be successfully described
by only two doublets:
Vq = (2,1,1,1,1) , Vl = (1,1,1,2,1) . (3.5)
While Vq is related to the CKM matrix elements, the leptonic spurion Vl is unconstrained.
Due to the smallness of the first two generation fermion masses, these two doublets provide
the leading effects in most flavour observables. The smallness of the bottom and τ Yukawa
couplings could be explained by introducing two approximate U(1)d ×U(1)e symmetries,
under which all the right-handed down quarks and leptons are charged [106]. The flavour
symmetry and this set of spurions also provide a good structure to fit the B-physics
anomalies [22, 26, 35, 45] while at the same protecting the model from other flavour and
high-pT constraints. Indeed, possible dangerous effects of the
1
Λ2t
(ψSM)
4 operators are
suppressed by the GF symmetry and the large Λt scale.
Another class of possible bilinear operators are those built in terms of vector currents.
At low energies these are interpolated by vector resonances of the strong sector as well as
pNGB vector currents:
L ⊃ c
Λ2t
(ψ¯SMγ
µψSM)(Ψ¯aγµΨb)→ gρψ(ψ¯SMγµψSM)Tr(cabiU †DµU + cabρµ) , (3.6)
where by NDA, Eq. (2.8) with E4f = 1, one has gρψ ∼ O(f/Λ) ∼ O(1/4pi). Their effect
is discussed in Section 4.5.
3.1 HC-fermion bilinears
I construct the coupling of the SM fermions to the two Higgses and the S1,3 scalar lepto-
quarks via operators like ψ¯SMψSMΨ¯iΨj, where Ψ¯Ψj interpolates the pNGBs below ΛHC .
In general, both baryon (B) and lepton (L) numbers are broken by adding non-
renormalizable operators (as happens in the SM EFT). In order to avoid proton decay
and other unwanted effects, one could impose B and L conservation in the operators at
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the scale Λt while assigning suitable quantum numbers to the HC fermions.
5 Focussing in
particular on the ψ¯SMψSMΨ¯Ψ effective operators, an equally successful but more minimal
requirement is to impose conservation of a combination of B and L, such as for example
F+ = 3B + L or F− = 3B − L. Requiring only that the operators generating the Higgs
Yukawa couplings and the S1,3 leptoquark couplings to SM fermions are allowed provides
the following charge assignment for the HC fermions:
F+(ΨL) = F+(ΨN) = F+(ΨE) = FL , F+(ΨQ) = FL + 2 , (3.7)
where FL is an arbitrary charge. Assuming F− conservation, instead, all HC fermions
should have the same (arbitrary) F− charge.
The complete list of possible ψ¯SMψSMΨ¯Ψ operators compatible with gauge symmetries
and F± conservation, given the assignment of Eq. (3.7), is (schematically):
(q¯LuR + d¯RqL + e¯RlL)(Ψ¯NΨL) , (q¯LuR + d¯RqL + e¯RlL)(Ψ¯LΨE) ,
(q¯cLlL + e¯
c
RuR)(Ψ¯QΨL) , (q¯
c
Lσ
alL)(Ψ¯Qσ
aΨL) ,
(3.8)
where all indices have been suppressed. Comparing the HC bilinears with Eq. (2.7), one
recognises the Yukawa couplings for the two Higgs doublets in the first line, while the
second line corresponds to the desired couplings of the S1,3 leptoquarks to SM fermions.
Note that, given the assumptions above, also a coupling of S1 with right-handed fermions
e¯cRuR is allowed.
The remaining scalar operators, allowed by gauge symmetries but forbidden by F±
conservation, are
(q¯cLqL + u¯
c
RdR)(Ψ¯LΨQ) , (d¯RlL)(Ψ¯EΨQ) , (l¯
c
LlL)(Ψ¯EΨN) , (3.9)
corresponding to couplings of the S1,3 to diquark, of R˜2 to quarks and leptons, and of
ω to di-leptons. It is remarkable that, once the F± quantum numbers are assigned to
the HC fermions to allow the desired Higgs and LQ couplings, automatically the B and
L-violating operators are forbidden and none of the other pNGBs is allowed to have a
linear coupling to SM fermions.6
For each of the interactions in Eq. (3.8) it is clearly possible to write two independent
terms, one for each chiral structure of the HC bilinears: Ψ¯i,LΨj,R or Ψ¯i,RΨj,L. By com-
paring Green functions in the high- and low-energy theory it is easily shown that the HC
fermions bilinears correspond to the following expressions below the scale ΛHC (see e.g.
the QCD case in Ref. [86]):
Ψ¯i,LΨj,R → −B0f 2U(φ)ji , Ψ¯i,RΨj,L → −B0f 2U †(φ)ji ,
Ψ¯iΨj → −B0f 2
(
U(φ) + U †(φ)
)
ji
, Ψ¯iγ5Ψj → −B0f 2
(
U(φ)− U †(φ))
ji
,
(3.10)
where B0 is defined in Eq. (2.4). Upon expanding U(φ) in powers of the pNGB, Eq. (2.6),
it is clear that only the pseudoscalar combination is linear in the pNGB and thus can
generate the desired couplings. The scalar combination can give some effects in the
pNGB potential [69] but, in order to keep the discussion simple, I will set it to zero in
the following.
5For the purpose of this paper I neglect the non-perturbative breaking of B + L.
6On the contrary, requiring only B −L conservation would allow also the coupling of S1,3 to diquark,
which would mediate proton decay.
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3.2 SM Yukawas
The four-fermion operators generated at the scale Λt responsible for the SM Yukawas are
LF ⊃ 1
Λ2t
(
u¯Rc
†
1,uqL + q¯Lc1,ddR + l¯Lc1,eeR 
)
(Ψ¯Lγ5ΨN) +
+
1
Λ2t
(
u¯Rc
†
2,uqL+ q¯Lc2,ddR + l¯Lc2,eeR
)
(Ψ¯Eγ5ΨL) + h.c. ,
(3.11)
where flavour and gauge indices have been suppressed and  ≡ iσ2 acts on SU(2)w. In
order to track the explicit breaking of the global symmetry G due to these operators one
can introduce a set of spurions ∆αH1,2 defined from (the explicit expression is in App. C.3)
Ψ¯αLγ5ΨN = 
αβΨ¯i(∆
β
H1
)ijγ5Ψj , Ψ¯Eγ5Ψ
α
L = Ψ¯i(∆
α
H2
)ijγ5Ψj , (3.12)
where α, β = 1, 2 are SU(2)w indices. They transform under G as ∆
α,LR
H1,2
→ gL∆α,LRH1,2 g†R,
∆α,RLH1,2 → gR∆α,RLH1,2 g†L, with the identification ∆α,LRH1,2 = ∆α,RLH1,2 = ∆αH1,2 . Below the HC-
confinement scale the corresponding chiral operators can be written as
LeffYuk =
f
2
(
u¯Ry˜
†
1,uq
β
L
βα + q¯αLy˜1,ddR + l¯
α
Ly˜1,eeR
)
Tr[∆αH1(U − U †)]+
+
f
2
(
u¯Ry˜
†
2,uq
β
L
βα + q¯αLy˜2,ddR + l¯
α
Ly˜2,eeR
)
Tr[∆αH2(U − U †)] + h.c. ,
(3.13)
where the NDA estimate of the Yukawa couplings in terms of the high-energy EFT coef-
ficients is y˜f ∼ B0fΛ2t cf . By expanding the pNGB matrix one gets
Tr[∆αH1,2(U − U †)] = i
2
√
2
f
Hα1,2 +O(φ2/f 2) , (3.14)
Substituting U with its EW symmetry-breaking vev, Eq. (2.10), one has Tr[∆H1(2)(〈U〉 −
〈U †〉)] = (−1)1(2)(0, 2 sin θ)T . The SM fermion mass matrices are given by (in a f¯LmffR
notation)
mf = f sin θ(y˜1,f − y˜2,f ) = v√
2
(y˜1,f − y˜2,f ) ≡ v√
2
yf , (3.15)
where f = u, d, e. As shown in Ref. [69], in order to avoid any undesired misalignment of
the pNGB vev in a custodial-breaking direction also the condition
y˜1,f = −y˜2,f = yf
2
(3.16)
should be imposed. This condition can be obtained by imposing a symmetry under the
exchange PH : H1 ↔ −H2, which is automatically satisfied by the kinetic and gauge
terms, as well as by the HC-masses under the condition mE = mN . This symmetry is
instead broken by higher-order terms proportional to the LQ couplings to fermions which,
however, do not affect the Higgs potential at this order in the chiral expansion.
Furthermore, to suppress dangerous tree-level flavour-changing neutral currents me-
diated by the Higgses, the two proto-Yukawa matrices should be aligned, see e.g. the
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discussion in Ref. [90], so Eq. (3.16) is imposed at the matrix level. If also the scalar HC
currents were kept, a slightly more general condition can be derived, see Ref. [69] for a
detailed discussion of this point.
The GF flavour symmetry and its spurions (3.4,3.5) dictate the structure of the Yukawa
matrices. At leading order in the spurions and up to possible O(1) factors multiplying
each term one has [105] (in L¯R notation):
yu ∼ yt
(
∆Yu Vq
0 1
)
, yd ∼ yb
(
∆Yd Vq
0 1
)
, ye ∼ yτ
(
∆Ye Vl
0 1
)
. (3.17)
In the left-handed quark sector this can be put in correspondence with the CKM matrix
elements:
Vq = aq
(
V ∗td
V ∗ts
)
, (3.18)
where aq is an O(1) parameter. As shown in Section 5, in order to fit the flavour anomalies
while avoiding dangerous effects involving electrons, the left-handed lepton spurion can
be taken approximately as
Vl ≈
(
0
λτµ
)
, (3.19)
where λτµ  1.
3.3 S1,3 LQ couplings
The operators responsible for generating the leptoquark couplings to fermions are
LF ⊃ 1
Λ2t
[
(q¯cLc1,qllL + e¯
c
Rc1,euuR) (Ψ¯Qγ5ΨL) +
(
q¯cLc3,qlσ
AlL
)
(Ψ¯Qγ5σ
AΨL)
]
+ h.c. .
(3.20)
Also in this case one can introduce a set of spurions of G to keep track of the explicit
breaking of the global symmetry (see App. C.3):
Ψ¯aQγ5ΨL = Ψ¯∆
a
S1
γ5Ψ ,
Ψ¯aQσ
Aγ5ΨL = Ψ¯∆
A,a
S3
γ5Ψ ,
(3.21)
where the index a runs in the fundamental of SU(3)c while A is in the adjoint of SU(2)w.
Below ΛHC one can write the couplings of both scalar LQ to SM fermions as
7
LeffLQ = i
f
4
(g1q¯
c,a
L β1lL + g
u
1 e¯
c
Rβ
u
1u
a
R) Tr[∆
a
S1
(U − U †)] + h.c.
+i
f
4
(
g3q¯
c,a
L β3σ
AlL
)
Tr[∆A,aS3 (U − U †)] + h.c. = (3.22)
= −g1β1,iα(q¯c iL lαL)S1 − gu1 (βu1 )Tαi(e¯c αR uiR)S1 − g3β3,iα(q¯c iL σAlαL)SA3 + h.c.+O(φ2) ,
7In presence of EWSB, a factor of cos θ2 should muliply all terms in the last line of Eq. (3.22). Since
this is ≈ 1 up to a small O(ξ) correction, I neglect it in the following.
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where i and α are quark and lepton flavour indices, respectively. As for the Higgs Yukawa
couplings, also these ones are related to the high-energy coefficients via relations as in
Eq. (3.1). The flavour structure of the couplings is given by the GF symmetry and its
breaking spurions. Up to O(1) coefficients one has
β1,3 ∼
(
V ∗q V
†
l V
∗
q
V †l 1
)
, βu1 ∼
(
0 (V †q ∆Yu)
T
V †l ∆Ye 1
)
, (3.23)
where, without loss of generality, the (33) element has been reabsorbed in the definition
of the overall couplings g
(u)
1,3 and I also show the terms quadratic in the spurions, since
they are relevant to the b → sµµ anomalies. One can immediately notice that, with
this choice of flavour spurions, the off-diagonal entries in βu1 are suppressed by the small
Yukawa couplings of the light fermions. By adding spurions transforming as doublets of
the right-handed fields, these terms might also be larger. For this reason I leave them
arbitrary in the flavour analysis.
Integrating out the two scalar leptoquarks at tree-level one generates a set of dimension-
6 operators, Leff = − 1
v2
∑
xCxOx, with [108]
(C
(1)
lq )αβij = −|1|2 β∗1,iαβ1,jβ − 3|3|2 β∗3,iαβ3,jβ ,
(C
(3)
lq )αβij = |1|2 β∗1,iαβ1,jβ − |3|2 β∗3,iαβ3,jβ ,
(C
(1)
lequ)αβij = −2u1∗1 βu1,jββ∗1,iα ,
(C
(3)
lequ)αβij =
1
2
u1
∗
1 β
u
1,jββ
∗
1,iα ,
(Ceu)αβij = −2|u1 |2 βu ∗1,iαβu1,jβ ,
(3.24)
where the corresponding operators are
(O
(1)
lq )αβij = (l¯
α
Lγµl
β
L)(q¯
i
Lγ
µqjL) , (O
(3)
lq )αβij = (l¯
α
Lγµσ
alβL)(q¯
i
Lγ
µσaqjL) ,
(O
(1)
lequ)αβij = (l¯
α
Le
β
R)(q¯
i
Lu
j
R) , (O
(3)
lequ)αβij = (l¯
α
Lσµνe
β
R)(q¯
i
Lσ
µνujR) ,
(Oeu)αβij = (e¯
α
Rγµe
β
R)(u¯
i
Rγ
µujR) ,
(3.25)
and the i contain the relevant combinations of masses and couplings:
1 =
g1v
2mS1
, 3 =
g3v
2mS3
, u1 =
gu1v
2mS1
. (3.26)
4 The pNGB potential
The compositeness scale ΛHC ∼ 4pif sets the mass of most of the resonances of the strong
sector. The exception are the pNGB, whose mass is proportional to the various explicit
symmetry-breaking terms: HC-fermion masses, SM gauging, and four-fermion operators.
In this section I present the leading operators in the chiral expansion which constitute the
pNGB potential and generate their masses, and discuss the conditions required to achieve
a successful EWSB.
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4.1 Potential from the HC fermion masses
The contribution to the pNGB potential from the explicit breaking due to the HC fermion
masses is controlled by the spurion M and the leading chiral operator describing this is
given in Eq. (2.9). Upon expanding U in powers of pNGBs one gets the mass terms which,
for the non-singlets pNGB is
m2(Ψ¯iΨj) = B0(mi +mj) , (4.1)
where i, j = Q,L,N,E represent the valence fundamental HC fermion constituting the
pNGB, according to Eq. (2.7). I recall that mN = mE to avoid custodial symmetry
breaking. In particular, the contribution to the two Higgs doublets mass is
VmΨ = −
f 2
4
Tr[U †χ+ χ†U ] ⊃ B0(mE +mL)(|H1|2 + |H2|2) . (4.2)
In order to obtain the singlets masses one needs the expression of the 3 Cartan generators
of SU(10)D transforming as singlets of GSM . They are given in Appendix C, Eq. (C.9).
In the unbroken EW symmetry limit one gets:
m2η1 = 2B0mE , M
2
η2,η3
=
 B0(mE +mL) −√35B0(mE −mL)
−
√
3
5
B0(mE −mL) 15B0(3mE + 3mL + 4mQ)
 , (4.3)
where in general η2 and η3 mix with each other. For mE = mL the mixing vanishes and:
m2η1 = m
2
η2
= 2B0mL , m
2
η3
=
2
5
B0(3mL + 2mQ) . (4.4)
Since this is the only contribution to the three singlets masses, the fundamental HC-
fermion masses are required in order to make them heavy enough to pass phenomenological
bounds (discussed in Section 6.3). A possible alternative could be if a sufficiently large
contribution is generated via the 1
Λ2t
Ψ4 operators as mentioned in Section 3. The effect of
these operators in the potential has been briefly considered in Ref. [62], where it is argued
to be suppressed.
4.2 Potential from the SM gauging
The explicit breaking of the global symmetry G due to the gauging of the SM subgroup is
analogous to the one due to the QED gauging in the QCD chiral Lagrangian, responsible
for the pi± - pi0 mass splitting. It can be described in terms of spurions, defined from the
SM gauge interactions of the HC fermion currents, Eq. (2.1):
LHC ⊃ gsGAµJAs,µ + gwW iµJ iw,µ + gYBµJYµ =
(
GAµGαs,A +W iµGαw,i +BµGαY
)
Jαµ , (4.5)
where Jαµ = Ψ¯LγµT
α
LΨL+Ψ¯RγµT
α
RΨR, T
α
L,R are the generators of G, and the various GαX are
the spurions. They represent the embedding of the SM gauging within G (see App. C.1
for the explicit expression). One can define the generators associated with a given SM
gauge field as the combinations:
GL,Rs,A ≡ Gαs,ATαL,R , GL,Rw,i ≡ Gαw,iTαL,R , GL,RY ≡ GαY TαL,R . (4.6)
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Their transformation properties under SU(10)L × SU(10)R are
GL,RX → gL,R GL,RX g†L,R . (4.7)
Since the HC theory is vectorlike, the left and right spurions are identical. The leading
operator in the chiral Lagrangian built with these spurions is
VG = −3f
2Λ2HC
16pi2
∑
X
cXTr
[GLXUGRXU †] = 3Λ2HC16pi2 ∑
i,α
cig
2
iC
i
2(φ
α) (φα)2 +O(φ3) , (4.8)
where the sum is over the three SM gauge groups, i = s, w, Y , ci are non-perturbativeO(1)
coefficients, and Ci2(pi
α) is the Casimir of the pNGB φα under the SM gauge group i.8 The
coefficients in front of the operator are estimated from Eq. (2.8) with L = 1 and µ = 1,
since it arises from one loop and requires insertions of symmetry-breaking spurions. Since
the coefficients cl are expected to be positive [109], these terms give positive contributions
to the pNGBs mass squared. In the case of the Higgses one has
VG ⊃3Λ
2
HC
8pi2
(
3
4
cwg
2
w +
1
4
cY g
2
Y
)(|H1|2 + |H2|2)+ . . . (4.9)
For all the pNGB irreps, the masses originating from Eq. (4.8) correspond numerically,
up to non-perturbative O(1) factors, to:
∆m2ω ≈ (0.05ΛHC)2 , ∆m2H1,2 ≈ (0.08ΛHC)2 , ∆m2ΠL,Q ≈ (0.13ΛHC)2 ,
∆m2S1 ≈ (0.17ΛHC)2 , ∆m2S3 ≈ (0.21ΛHC)2 . ∆m2R˜2,T2 ≈ (0.19ΛHC)
2 .
∆m2p˜i1 ≈ (0.26ΛHC)2 , ∆m2p˜i3 ≈ (0.28ΛHC)2 ,
(4.10)
For ΛHC ≈ 10 TeV it is immediate to read the numerical value of these contributions,
ranging from ≈ 500 GeV for the ω± state to ≈ 2.8 TeV for the p˜i3.
4.3 Potential from the four-fermion operators
The last explicit symmetry-breaking terms to be discussed are due to the four-fermion
operators of Eqs. (3.11,3.20), responsible for the SM Yukawa and leptoquark couplings.
Since their effect on pNGB masses is proportional to the coupling itself, the leading
contribution is due to the top quark and the LQ coupling to 3rd generation fermions.
The effects on the pNGB potential from these breaking terms can be traced with the
spurions introduced in Eqs. (3.12,3.21). The leading chiral operator generated from the
top Yukawa, with its NDA estimate, is
Vt = −y
2
tNcf
2Λ2HC
16pi2
ct
∑
i
∣∣∣∣ 12√2Tr [(∆iH1 −∆iH2)(U − U †)]
∣∣∣∣2
⊃ −cty
2
tNcΛ
2
HC
16pi2
|H1 −H2|2 +O(φ3)
(4.11)
8C2(F) =
N2−1
2N for the fundamental and C2(Adj) = N for the adjoint of SU(N), while it corresponds
to Y 2 under U(1)Y .
16
where ct is an O(1) non-perturbative coefficient and yt is the top Yukawa coupling. The
1/2
√
2 factor depends on the spurion’s normalisation. Although in this case the sign
is not fixed, a simple one-loop computation suggests that it could be negative. This is
also required to successfully obtain EWSB. Similar terms arise also from the S1 and S3
leptoquarks couplings to SM fermions:
VLQ = −(c1g
2
1 + c
u
1g
u2
1 )f
2Λ2HC
16pi2
∣∣∣∣ 12√2Tr [∆aS1(U − U †)]
∣∣∣∣2 − c3g23f 2Λ2HC16pi2
∣∣∣∣ 12√2Tr
[
∆A,aS3 (U − U †)
]∣∣∣∣2
⊃ −(c1g
2
1 + c
u
1g
u2
1 )Λ
2
HC
8pi2
|S1|2 − c3g
2
3Λ
2
HC
8pi2
|S3|2 +O(φ3) , (4.12)
where also c
(u)
1,3 ∼ O(1). Since the (positive) SM gauging contribution to the square pNGB
masses is smaller for the Higgs than for the leptoquarks, it is reasonable to expect that
these potentially negative terms due to SM fermion loops would be more important for
the Higgs than for the LQ, providing a good EWSB.
4.4 Electroweak Symmetry Breaking and Higgs mass
For what concerns the dynamics of EWSB, this model reduces to the SU(4)L×SU(4)R →
SU(4)D case studied in Ref. [69]. In fact, neither the LQ nor the other pNGB with valence
ΨQ HC-fermion enter in any aspect of EWSB. For this reason I can refer to [69] for most
of this discussion, of which I summarise here only the main aspects.
In the notation used until here, the two Higgs doublets, H1,2 = (H
+
1,2, H
0
1,2)
T , are related
directly to the valence HC fermions and embedded in the pNGB matrix U ≡ exp(iΠ) as
(see App. C for this definition)
Π4×4(H) =
√
2
f

0 0 H0∗1 H
+
2
0 0 −H−1 H02
H01 −H+1 0 0
H−2 H
0∗
2 0 0
 , (4.13)
where I focussed only on the lower 4 × 4 block and set to zero the other fields. A more
convenient basis in the two Higgs doublets for studying EWSB is the one adopted in
Ref. [69]:
H1 =
iH˜1 + H˜2√
2
, H2 =
−iH˜1 + H˜2√
2
. (4.14)
Under PH one has H˜1 → H˜1 and H˜2 → −H˜2. In this notation the field which takes the
vev is 〈H˜1〉 = (0, vh/
√
2)T , corresponding to θ = vh/
√
2f in Eq. (2.10). Indeed, since the
negative top quark loop contribution to the Higgs potential, Eq. (4.11), is exactly along
the direction |H1 −H2|2 = 2|H˜1|2, this is the field which takes a vev. The physical fields
from the two Higgs doublets are
H˜1 =
(
G+,
vh + h+ iG
0
√
2
)T
, H˜2 =
(
H+,
h2 + iA0√
2
)T
, (4.15)
where G±,0 are those eaten by the SM W± and Z bosons, h is the physical SM-like
125 GeV Higgs as well as the only one which couples linearly to the EW gauge bosons.
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All the heavy Higgses are embedded in H˜2: the two neutral states h2 and A0, and the
charged H± one.
In order to minimise the potential and study the Higgs mass I set to zero all the fields
except the physical Higgs h, in which case the pNGB matrix is given by Eq. (2.10) with
θ → (vh + h)/
√
2f . The Higgs potential, from Eqs. (4.2,4.9,4.11) becomes
V (θ) = −Cmf 4 cos θ − Cgf 4 cos 2θ − 2Ctf 4 sin2 θ , (4.16)
where
Cm =
2B0
f 2
(mE +mL) , Cg =
3Λ2HC
16pi2f 2
(
3
4
cwg
2
w +
1
4
cY g
2
Y
)
, Ct =
Ncy
2
t ctΛ
2
HC
16pi2f 2
, (4.17)
and I am assuming Cm,g,t > 0. Minimising the potential in θ gives the EWSB condition
v2
f 2
≡ ξ = 2 sin2 θmin = 2− C
2
m
8 (Ct − Cg)2
. (4.18)
This condition should be tuned in order to obtain the desired ξ. Specifically, one could
tune the mass parameters (mE +mL) inside Cm to achieve
Cm = 4(Ct − Cg)
√
1− ξ
2
. (4.19)
The light Higgs, which in this setup does not mix with the other pNGBs, has a mass
m2h = (Ct − Cg)f 2ξ ∼ Ncctm2t − 3cwm2W , (4.20)
where in the estimate I used ΛHC ∼ 4pif . It is clear that some degree of cancellation is
necessary in order to bring it down to the physical value of mh ≈ 125 GeV. From the
first equality in Eq. (4.20), the tuning condition in Eq. (4.19), and the definition of Cm
one also obtains
B0(mE +mL) =
2m2h
ξ
√
1− ξ/2 , (4.21)
which relates the Higgs mass and the value of ξ to the mass of the singlets η1,2, Eq. (4.3).
From the potential one can also derive the triple Higgs coupling:
κλ ≡ λh3
λSMh3
=
√
1− ξ
2
. (4.22)
Up to subleading EWSB corrections, the mass of the heavy Higgs doublet is
m2
H˜2
= f 2
(
1
2
Cm + 2Cg
)
≈ 2f 2Ct ∼ 2Ncm
2
t
ξ
, (4.23)
where in the last step I used Eq. (4.19) and the definition of Ct.
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4.5 Higgs couplings and electroweak precision tests
The couplings of the SM-like Higgs boson to the EW gauge bosons and SM fermions are
obtained from the pNGB kinetic term, Eq. (2.9), and the SM Yukawa terms, Eq. (3.13),
by substituting in the pNGB matrix in Eq. (2.10) the angle θ → θ + h/√2f . From the
pNGB kinetic term one gets, in the unitary gauge,
Leffkin ⊃
(
m2WW
†
µW
µ +
m2Z
2
ZµZ
µ
)
2
ξ
sin2
(
θ +
h√
2f
)
=
=
(
m2WW
†
µW
µ +
m2Z
2
ZµZ
µ
)(
1 + 2
√
1− ξ
2
h
v
+ (1− ξ)h
2
v2
+ . . .
)
.
(4.24)
Analogously, from the Yukawa term one has
LY uk = −fyψψ¯SMψSM sin
(
θ +
h√
2f
)
= −mψψ¯SMψSM
(
1 +
√
1− ξ
2
h
v
− h
2ξ
4v2
+ . . .
)
.
(4.25)
The ratios of the Higgs couplings to the SM prediction can be summarised as
κV = κf =
√
1− ξ
2
. (4.26)
The contributions of the model to flavour-universal electroweak precision tests is anal-
ogous to the one of all composite Higgs models [110]. It can be separated in an infrared
contribution due to the deviation of the Higgs coupling to electroweak gauge bosons as
shown above, a contribution from the other pNGBs, and finally an ultraviolet contribution
from the dynamics at the scale ΛHC . Taken all together, they impose an upper limit on
ξ of about ξ . 0.08 [69], which also makes the deviations in the Higgs couplings smaller
than the present experimental sensitivity.
Other possibly dangerous effects could arise from the term depending on the pNGB
matrix in Eq. (3.6). In fact, they generate at low energy deviations in the coupling of ψ
to SM EW gauge bosons. Particularly dangerous are deviations in the ZbLb¯L coupling.
The NDA estimate for the relative deviation is δgNDAZbL ∼ ξ/4pi ∼ (few) × 10−3, while the
experimental limit is at the per-mille level. It might be possible to further suppress the de-
viation by assigning suitable quantum numbers to qL under the custodial symmetry group
SU(2)L×SU(2)R and assume invariance under the parity PLR [111]. It is also possible that
the flavour dynamics at the scale Λt is such that the operator in Eq. (3.6) is suppressed.
Since it has a different chirality structure than those responsible for the Yukawa and LQ
couplings this is not so implausible. The effects due to the vector resonance ρ are instead
further suppressed by its large mass, mρ ≈ ΛHC  mpNGB.
5 Flavour phenomenology
The leading effects in flavour observables are mediated by the pNGB leptoquarks S1 and
S3. Other possible effects from heavier resonances are further suppressed by the small ratio
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m2LQ/Λ
2
HC  1. While this model can reproduce completely the flavour phenomenology
described in Ref. [45], the presence of the S1 coupling to right-handed currents makes the
present setup possibly richer. The SMEFT dimension-6 operators obtained by integrating
out the leptoquarks at the tree-level are described in Section 3.3. In this Section I discuss
the main aspects of the flavour phenomenology of the model.
5.1 Muon magnetic moment and τ → µγ
The presence of S1 couplings to both right- and left-handed top quarks allows the genera-
tion of mt-enhanced contributions to both τ → µγ and to the muon anomalous magnetic
moment. The relevant terms from Eq. (3.22) are
LS1 ⊃ t¯c
[
g1β1,bαPL + g
u
1β
u
1,tαPR
]
`αS1 + h.c. , (5.1)
where `α = (e, µ, τ) and I recall that, by definition, β1,bτ = β
u
1,tτ = 1. The chirally-
enhanced contribution from S1 to τ → µγ is given by (see e.g. Refs. [37,112] and references
therein)
B(τ → µγ) = 1
Γτ
αN2cm
2
tm
3
τ
64pi4v4
(
1− m
2
µ
m2τ
)
|QS1gS(xt)− gF (xt)|2 |1|2|u1 |2
(|β1,bµ|2 + |βu1,tµ|2) =
≈ (7.0× 10−2) |1|
2
0.01
|u1 |2
( |β1,bµ|2
0.12
+
|βu1,tµ|2
0.12
)
< 4.4× 10−8 , (5.2)
where (QS1gS(xt) − gF (xt))
xt1≈ 7/6 + 2/3 logm2t/m2S1 and I used mS1 = 1.5 TeV. Since
the values |1|2 ≈ 0.01 and |β1,bµ| ≈ 0.1 are required to fit the B anomalies [45], this
observable puts a bound
|u1 |2 . 10−6 , (5.3)
corresponding to gu1 . 10−2g1. From the point of view of the SU(2)5 flavour symmetry
gu1 and g1,3 are expected to be of the same order. It is interesting to note that by adding
the approximate U(1)e symmetry, under which all the right-handed leptons transform, in
order to suppress the τ Yukawa coupling [106], the gu1 suppression would be automatic
since one could predict: gu1/g1 ∼ yτ/yt ∼ 10−2.
The leading contribution to the muon anomalous magnetic moment from S1 is [112]
δaµ = −Ncmµmt
12pi2v2
u11β1,bµβ
u
1,tµ
(
7 + 4 log
m2t
m2S1
)
=
≈ (7.9× 10−11)× 
u
1
10−3
1
0.1
β1,bµ
0.1
βu1,tµ
0.1
,
(5.4)
while the observed anomaly is (δaµ)exp = (2.8 ± 0.9) × 10−9 [113]. One can see that
due to the limit in Eq. (5.3) the & 3σ deviation from the SM observed in δaµ cannot be
explained. The same conclusion was reached in Ref. [37].
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5.2 Charged-current processes
The observed deviations in charged-current b → cτν transitions require the largest new
physics contribution. The effective operators at the B-meson mass scale relevant for this
model are
Lb→cτ¯ ν¯τeff ⊃ −
2
v2
Vcb
[
(1 + cτVL)OτVL − cτSTOτT − cτSLOτSL
]
+ h.c. , (5.5)
where
OτVL = (c¯LγµbL)(τ¯Lγµντ ) , OτT = (c¯RσµνbL)(τ¯Rσµνντ ) , OτSL = (c¯RbL)(τ¯Rντ ) , (5.6)
Matching at the tree-level with the SMEFT operators generated by integrating out the
S1 and S3 fields, Eq. (3.24), one has:
cτVL = (c
(3)
lq )ττ33 + (c
(3)
lq )ττ32
Vcs
Vcb
= (|1|2 − |3|2)− (|1|2β1,sτ − |3|2β3,sτ )V
∗
tb
V ∗ts
,
cτT = (c
(3)
lequ)ττ32 =
u1
∗
1
4
βu1,cτ
Vcb
cτSL = (c
(1)
lequ)ττ32 = −4cT = −u1∗1
βu1,cτ
Vcb
.
(5.7)
Due to the bound in Eq. (5.3), one can safely neglect the contributions to the tensor and
scalar operators proportional to u1 and keep only the vector operator. The new physics
dependence of RD(∗) is then simply given by:
RD/R
SM
D = RD∗/R
SM
D∗ ≈ 1 + 2cτVL = 1.237± 0.053 . (5.8)
The B−c → τ ν¯τ branching ratio is very sensitive to the scalar operator OSL and the Bc
lifetime can be used to put an upper limit on such terms [114]. However, in this setup
the constraint from τ → µγ makes cτSL completely negligible.
The analogous effects in the muon mode are suppressed by the small coupling to muons,
which follows from the SU(2)l structure. Deviations from lepton flavour universality in
b→ cµ(e)ν transitions are constrained at the ∼ O(1)% level [115]. In this model they are
given by [45]
Rµeb→c ≈ 1 + 2(|1|2 − |3|2)β2bµ
(
1 +
βsµ
βbµ
Vcs
Vcb
)
, (5.9)
where I neglected the scalar and tensor contributions. In the natural region of parameter
space of the model, this is well within the experimental limit.
5.3 Neutral-current processes
- B → K(∗)µ+µ−
The relevant coefficients of the effective Hamiltonian at the B meson scale and their
tree-level matching to the model are (see also Refs. [34, 60,112,116]):
∆Cµ9 = −∆Cµ10 = −
pi
αVtbV ∗ts
(
(c
(1)
lq )µµ23 + (c
(3)
lq )µµ23
)
=
4pi
αVtbV ∗ts
|3|2 β3,bµβ3,sµ =
≈ −0.69 |3|
2
0.01
β3,bµ
0.1
β3,sµ
0.4|Vts| = −0.61± 0.12
(5.10)
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Given the structure of the SU(2)l spurion Vl in Eq. (3.19), no contribution to the electron
mode is instead generated, implying an effect in the lepton flavour universality ratios
R(K) and R(K(∗)).
- B → K(∗)νν¯
The relevant effective Lagrangian for this process is [117,118]
Lb→sν¯νeff =
α
piv2
VtbV
∗
ts
(
s¯γµ[(C
SM
L δ
αβ + ∆CαβL )PL + ∆C
αβ
R PR]b
)(
ν¯αLγ
µνβL
)
, (5.11)
where CSML = −6.38± 0.06 [117,118]. The contribution from the leptoquarks is (see also
Refs. [60, 112])
∆CαβL = −
pi
αVtbV ∗ts
((c
(1)
lq )αβ23 − (c(3)lq )αβ23) =
2pi
αVtbV ∗ts
(|1|2 β1,sαβ1,bβ + |3|2 β3,sαβ3,bβ) .
(5.12)
The relevant observables depend on the EFT coefficient as [117,118]:
Rνν =
B(B → K(∗)ν¯ν)
B(B → K(∗)ν¯ν)SM ≈
1
3
(
2 + |1 + δcττL |2
)
< 2.7 , (5.13)
where
δcττL ≡
∆CττL
CSML
≈ 1.3
( |1|2β1,sτ + |3|2β3,sτ
0.01|Vts|
)
, (5.14)
and for simplicity I included only the leading correction due to the tau neutrinos. The
90% CL limit is taken from Ref. [60].
- B − B¯ mixing
New physics contributions toB0−B0 mixing via an effective LL operator can be parametrised
as
∆L∆B=2 = −(CSM0 + CNP0 )
(VtbV
∗
ti )
2
32pi2v2
(b¯Lγµd
i
L)
2 , (5.15)
where i = d, s and CSM0 = 4piαS0(xt) ≈ 1.0. A loop of the S1 and S3 leptoquarks
contributes as (see also Refs. [112,119] for the individual contributions)
CS1+S30 = g
2
1
2
1
(
β1,sτ
VtbV ∗ts
)2
+ 5g23
2
3
(
β3,sτ
VtbV ∗ts
)2
+ 2g1g313
β1,sτβ3,sτ
(VtbV ∗ts)2
f
(
mS3
ms1
)
, (5.16)
where I neglected SM fermion masses, f(x) = x
x2−1 log x
2 (note that f(x) ∈ [0, 1] and
f(1) = 1), and took into account that β1(3),dτ/V
∗
td = β1(3),sτ/V
∗
ts according to the U(2)q
symmetry structure, implying that the same relative effect is expected in Bs and Bd
mixing. The new physics contributions should not exceed ∼ 10% of the SM one, in order
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to be safe from experimental limits,9
(∆MBs/d)
S1+S3
(∆MBs/d)
SM
=
ηLL(mS3)C
S1+S3
0
CSM0
≈ ηLL(mS3) CS1+S30 . 10% . (5.17)
where ηLL(mS3) ≈ 0.79 encodes the renormalisation group effects down to mb.
In the limit g1 = g3, mS1 = mS3 , and β1,sτ = −β3,sτ & |Vts| one can approximately
relate the deviation in Bs mixing to the one in RD(∗) :
(∆MBs/d)
S1+S3
(∆MBs/d)
SM
≈ 0.74
( mS1,3
1 TeV
)2(RD(∗)/RSMD(∗) − 1
0.23
)2
, (5.18)
where in the numerical expression I normalised RD(∗) to its best-fit value. Since the
LQ masses cannot be below 1 TeV due to present limits from direct searches (see Sec-
tion 6.3.1), the Bs mixing constraint allows only to partially reproduce the charged-current
anomalies when taken at face value. In order to improve the fit, some mild cancellation
with other contributions to Bs mixing is required. As can be seen from the expression
above, the required tuning would be of one part in ∼ 10 or less, for LQ masses not much
above 1 TeV. One possibility could be to give complex phases to the LQ couplings in
Eq. (5.16) and tune the various terms against each other, or to cancel the LQ contribu-
tions with extra ones from the UV theory.
Further contributions to these ∆B = 2 operators can arise via tree-level exchange of
heavy resonances at the scale ΛHC , coupled to SM fermions via UV four-fermion operators
such as the one in Eq. (3.6). The flavour symmetry protects these effects, giving an MFV-
like suppression. The estimate is
CUV0 ∼ g2ρψ
16pi2v2
Λ2HC
∼ g2ρψξ. (5.19)
For gρψ ∼ O(1/4pi) these effects are well below the experimental limits. For larger values
of the coupling it could be possible to use these extra contributions to partially cancel the
one arising at one-loop from the leptoquarks. Also from Eq. (3.6), another contribution
to the same operator can arise via the flavour-violating ZbLsL coupling. The coupling
can be estimated by NDA to be ∼ gwVtsξ/4pi, plus a further suppression should be added
due to the Zbb constraint. This gives a contribution to Bs-mixing: C
Z
0 ∼ ξ2. Due to
the present limits on ξ, this is well below the flavour limit. A stronger constraint can
be obtained from lepton-universal contributions to bs`+`− operators, where the deviation
due to this coupling scales like ∆C`9 ∼ ξ/α. As the ZbLbL constraint, also this shows that
the vector operators in Eq. (3.6) must be suppressed.
5.4 Radiative corrections to EWPT and τ decays
Another relevant set of constraints arise due to renormalization group evolution from mLQ
down to the electroweak scale of the semileptonic operators in Eq. (3.25) to operators
9A recent update of lattice calculations is responsible for a shift in the SM prediction which results
in a slight tension with the measurement, (∆MBs)
exp/(∆MBs)
SM = −0.11 ± 0.06. Even though with
purely imaginary couplings, Arg(g1,3) = ±pi/2, it can be possible to fit this tension, I will not pursue it
here since this is an issue still to be settled. See Ref. [120] for a recent detailed discussion.
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which modify the Z and W couplings to fermions [42, 43]. In particular, the leading
effects are those affecting the τ and ντ leptons proportionally to the top Yukawa. Using
the RGE equations from [121] and the results from Ref. [43] one gets
δgτL ≈
Ncy
2
t
16pi2
log
mLQ
mt
(
(C
(3)
lq )ττ33 − (C(1)lq )ττ33
)
≈ 0.08(|1|2 + |3|2) = (0.16± 0.58)× 10−3 ,
δgτR ≈
Ncy
2
t
16pi2
log
mLQ
mt
(Ceu)ττ33 ≈ −0.08|u1 |2 = (0.39± 0.62)× 10−3 , (5.20)
δgWτ ≈ −
2Ncy
2
t
16pi2
log
mLQ
mt
(C
(3)
lq )ττ33 ≈ −0.08(|1|2 − |3|2) = (0.97± 0.98)× 10−3 ,
where in the numerical evaluation I set mLQ = 1.5 TeV, neglected the subleading elec-
troweak contributions, and used the limits from the global fit of Ref. [122] for Zττ and
from Ref. [123] for the LFU constraints in τ -decays (see the Appendix of Ref. [45] for
more details). The deviation in the Zνν coupling is related by gauge invariance to
δgντ = δgτL + δg
W
τ .
An analogous radiative contribution is generated to lepton-flavour violating (LFV)
Zτµ couplings, which can then mediate LFV τ decays [45]:
B(τ → 3µ) ≈ 5× 10−4(|1|2 + |3|2)2β2bµ < 1.2× 10−8 . (5.21)
5.5 Fitting the B-meson anomalies
The SU(2)q×SU(2)l flavour structure of the left-handed couplings is well suited to fit the
B-physics anomalies, as described in Ref. [45]. Since, as shown above, the relevant effects
are very similar to those studied in Ref. [45], I do not repeat a full numerical global fit
here. Instead, the preferred region in parameter space can be easily understood as follows:
• The electroweak constraints put an upper limit |1|2 ≈ |3|2 . 10−2.
• Fitting the R(D(∗)) excess while begin at the same time consistent with Rνν then
requires β1,sτ ≈ −β3,sτ ≈ (few)×|Vts| > 0. If one limits the size of these off-diagonal
terms to (few)× |Vts|, the EWPT contraints do not allow to completely recover the
anomaly [45]. Furthermore, the constraint from Bs mixing (5.18) makes this tension
even stronger if it is not addressed by tuning with some other contribution.
• The suppression in B → K(∗)νν¯ required by the previous point corresponds to an
enhancement in B → K(∗)τ+τ−. As shown for example in Ref. [45], the expected
signal could be hundreds of times the SM prediction, bringing it possibly within the
expected reach of Belle-II.
• The fit to the neutral-current b → sµµ anomalies fixes the remaining parame-
ters: β3,bµ ≈ 0.1 and β3,sµ ≈ β3,bµβ1,sτ , consistently with the flavour structure of
Eq. (3.23). The analogous couplings of S1 are expected to be of the same order
since the two have the same flavour structure. This value of βbµ and the size of
|1,3|2 make the contribution to LFV τ decays much smaller than the present sensi-
tivity.
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Figure 1: Example of a possible spectrum of the theory.
• The experimental limit from τ → µγ imposes the constraint |u1 |2 . 10−6. In terms
of couplings this corresponds to gu1 . 10−2g1,3. This can be naturally linked to the
hierarchy yτ/yt by charging the right-handed leptons with an additional approximate
U(1)e symmetry.
6 Collider phenomenology
In this section I present the phenomenological aspects of the model more relevant for LHC
new physics searches.
6.1 Possible spectrum
While the non-perturbative character of the dynamics underlying the model does not allow
to make precise predictions for the spectrum of the theory, one can use the pNGB potential
and NDA estimates detailed in Section 4 to sketch what a typical pNGB spectrum might
be like.
For definitiveness in the following I fix
ξ = 0.05 (f = 1.1 TeV) , (6.1)
corresponding to ΛHC ∼ 13 TeV. In the simplifying limit mE = mL, Eq. (4.21) relates
the Higgs mass and ξ to the mass of the first two singlets mη1,2 =
√
2B0mL = 790 GeV.
Using the QCD value B0 ≈ 20f , one gets mL ≈ 14 GeV. The third singlet mass is mη3 =
mη1,2
√
3+2mQ/mL
5
, which can be larger than the other two for mQ > mL, reaching 1 TeV
for mQ ≈ 2.5mL. The mass of the heavy Higgses before EWSB is given by Eq. (4.23),
mH˜2 ∼ 1.9 TeV. For the other pNGBs I combine the contributions from the HC-fermion
masses, Eq. (4.1), and from the SM gauging, Eq. (4.10). In the case of the S1,3 leptoquarks
I also take into account the contribution from the four-fermion operators, Eq. (4.12),
assumed to be negative. All the other composite resonances (composite vectors, scalars,
HC-baryons, etc.) are expected to be near the ΛHC scale, i.e. above 10 TeV. Finally, the
sector responsible for generating the four-fermion operators is expected to be not too far
above that scale, unless the theory enters a conformal window above ΛHC . The resulting
spectrum is sketched in Fig. 1. The reader should keep in mind that this must be taken
with a grain of salt, since O(1) deviations from NDA are expected.
In the limit of unbroken EW symmetry, θ → 0, the only pNGB which mix with each
other are the two singlets η2 and η3, Eq. (4.3), where the mixing is proportional to the
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HC fermion mass difference mE−mL. For θ > 0, also a small mixing between the Π0L and
the η1 singlet arises, proportional to ∝ (cwg2w − cY g2Y ) sin2 θ, as well as between S1, 1
3
and
S3, 1
3
(proportionally to ∝ cY g2Y (1− cos θ)) and between R˜2, 1
3
and T2, 1
3
(proportionally to
∝ cwg2w(1−cos θ)). With the specific choice of keeping only the pseudo-scalar combination
in the HC bilinears in the four-fermion operators, no other mixing terms is present. In
the more general case other mixing terms arise for non-zero θ. A more detailed discussion
of this point can be found in [69].
6.2 pNGB anomalous couplings
Some pNGBs can have a non-zero coupling to two SM gauge bosons via the axial anomaly.
These interactions are fully described at the chiral Lagrangian level by the Wess-Zumino-
Witten term [124,125]. From that one can extract the relevant coupling of one pNGB to
two gauge bosons, which in the class of theories considered here is given by
LWZW ⊃ − gβgγ
16pi2
φα
f
2NHCA
φα
βγF
β
µνF˜
γµν , Aφ
α
βγ = Tr
[
TαT βSMT
γ
SM
]
, (6.2)
where F˜ γµν = 1
2
µνρσF γρσ, T
α is the generator corresponding to the pNGB φα while gβ,
T βSM , and F
β
µν are the couplings, generators, and field strenght, respectively, of the A
β
µ
gauge field (as defined in Eq. C.10). The complete list of anomalous couplings for the
pNGBs in the theory is the following:
Aφ
α
βγ g
2
1 g
2
2 g
2
3 g1g2 g1g3 g2g3
η1 YL 0 0 0 0 0
η2 − 14√2 14√2 0 0 0 0
η3
1+48YL
12
√
30
−
√
3
4
√
10
− 1√
30
0 0 0
p˜i1 0 0 d
αβγ/(2
√
2) 0 1√
2
(
YL − 13
)
0
p˜i3 0 0 0 0 0
1
2
√
2
ΠL 0 0 0
YL
2
0 0
ΠQ 0 0 0
√
3
2
(
YL − 13
)
0 0
, (6.3)
where dαβγ are the SU(3)c symmetric structure constants. Measuring a process involving
these coupling would provide information on NHC/f . An independent measurement of f
(i.e. of ξ) could instead be obtained, for example, via Higgs couplings measurements or
pNGB scattering.
6.3 Collider signatures of the pNGBs
Here I discuss some of the main aspects of the collider phenomenology of the various
pNGBs, listed in Eq. (2.7), in particular their possible production channels and decay
modes. I also present the present bounds and future prospects for the most interesting
cases.
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6.3.1 S1 and S3 Leptoquarks
Due to their linear couplings to SM fermions, the S1 and S3 leptoquarks have a rich
phenomenology. The various states are classified under the electromagnetic U(1)em as:
s1,− 1
3
, s3,− 4
3
, s3,− 1
3
, s3, 2
3
, (6.4)
where I defined all in the 3 of color and the 1 (3) suffix represents the electroweak multiplet
they belong to. The NDA estimate puts their mass in the ∼ 1.5− 2.5 TeV range, with s3
being possibly slightly heavier than s1 due to a larger electroweak correction to its mass.
The splitting within the electroweak multiplets is subleading. The Bs mixing constraint
(5.18) favours light leptoquarks. In presence of EWSB, the s1,− 1
3
and s3,− 1
3
states have
a small mass mixing. Expanding the SU(2)w structure of the interaction Lagrangian of
Eq. (3.22) one gets
LLQ = g1s†1,− 1
3
(
t¯cLτL − b¯cLντ
)
+ g3s
†
3,− 1
3
(−t¯cLτL − b¯cLντ)+ h.c.
+
√
2g3
(
s†
3, 2
3
t¯cLντ − s†3,− 4
3
b¯cLτL
)
+ h.c. ,
(6.5)
where I neglected flavour-suppressed couplings to light generation fermions as well as
those of S1 to right handed fields, due to the τ → µγ constraint discussed in Section 5.1.
The phenomenology of S3 with coupling to muons has been studied in Ref. [126].
The following discussion of the collider bounds on these leptoquarks can be also applied
to weakly coupled models where these leptoquarks are elementary, since it is only based
on the Lagrangian in Eq. (6.5). Neglecting SM fermion masses, the total decay widths
are ΓS1,3 =
|g1,3|2
8pi
mS1,3 [112]. The two leptoquarks with charge
1
3
have equal branching
ratio of 1/2 into the two channels tτ and bντ , while s3, 2
3
and s3,− 4
3
decay to tν and bτ ,
respectively, with unity branching ratio. The deviations from these branching ratios due
to multi-body decays, such as those discussed later on and shown in Fig. 4, are suppressed
both by the phase space and by the small ξ parameter and can thus be safely neglected.
The main production modes at the LHC are pair production via QCD interactions, or
single production via the coupling to the b quark. While the former is model-independent,
the latter depends on the couplings g1,3. For g1,3 = 1, the single production cross section,
via the bottom coupling, becomes larger than pair production for masses mS1,3 & 1.4 TeV
at 13 TeV, in which case σ(pp→ ss†) ≈ σ(pp→ s†`+s¯`) ≈ 0.37 fb [127]. The present ex-
perimental limit from CMS [128] with 12.9fb−1 of integrated luminosity on pair-produced
scalar leptoquarks in the final state bb¯τ+τ− is ms
3,− 43
> 855 GeV at 95% CL. This is
shown as a solid red line in Fig. 2. Very recently, the CMS collaboration updated also the
searches in the ττtt [129], ννtt, and ννbb final states [130] with 35.9 fb−1 of luminosity.
Taking into account the branching ratios described above, the resulting 95% CL limits in
this model are: m1(3),− 1
3
> 564 GeV from tτ , m1(3),− 1
3
> 795 GeV from bν (green vertical
line in Fig. 2), and m3, 2
3
> 1018 GeV from tν (blue line).
The present limit from single-production, in the bτ channel [131], is shown as a solid
purple line in Fig. 2. At present it becomes the most important one for couplings 1.5 .
g1,3 . 3.
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Figure 2: Present and future expected exclusion limits at 95% CL on the S1 and S3 LQ.
Vertical bounds are from various pair-production modes, purple is from single production in the
bν channel while gray is from the off-shell ττ tail. Dashed and dotted lines are 13 TeV LHC
expected limits for 300 and 3000 fb−1 of integrated luminosity, respectively. The diagonal green
region is the 1σ-favoured one from the flavour fit.
Another relevant search channel for s3,− 4
3
is in the τ+τ− final state, where the lepto-
quark can be exchanged in the t-channel [41]. The corresponding 95% CL limit is shown
with a solid gray line in Fig. 2 and dominates for large couplings g1,3 & 3. The analogous
effect in the µ+µ− tail is further suppressed by the small coupling to second generation
leptons [132].
All these limits are collected in Fig. 2, where I also show estimates for the prospects for
300 fb−1 (dashed lines) and 3000 fb−1 (dotted lines) of luminosity, obtained by rescaling
the expected cross section limits with the square root of the luminosity ratios. The
green region is the 1σ preferred one from the flavour fit [45], which assumes that the LQ
contribution to Bs-mixing is cancelled by some extra terms. Some conclusions can be
drawn:
• The region relevant for the B-physics anomalies and in the mass range 1.5− 2 TeV
will not be tested by the LHC, even with high luminosity. The 28 TeV HE-LHC or
FCC-hh would be needed.
• For lighter LQ masses and in the region preferred by the flavour fit, the most relevant
bound will always come from pair production. The most promising channels are tνtν
and bτbτ , since the charge-2/3 and charge-4/3 LQ decay in these channels with unity
branching ratio.
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6.3.2 Singlets
The two SM singlets η1,2 are expected to have a mass close to 800 GeV, Eqs. (4.4,4.21),
while η3 can be heavier since its mass depends on mQ. The anomalous couplings in
Eq. (6.3) mediate decays of the singlets to pairs of SM gauge bosons. Assuming these are
the leading decay widths, the branching ratios for η1 and η2 are
Br gg γγ Zγ ZZ W+W−
η1 0 0.58 0.36 0.06 0
η2 0 0 0.21 0.15 0.64
, (6.6)
while for η3 it is shown in Fig. 3 (top-left) as a function of YL. The total decay width of η3
is Γη3 ≈ 50 MeV for a mass of 1 TeV, f = 1.1 TeV, and NHC = 3. In the numerical results
I use the SM gauge couplings evaluated at the scale mη/2 via the one-loop RG equations.
The only singlet to have a production cross section possibly relevant for the LHC is
η3, via the gluon-gluon coupling. The production cross section for f = 1.1 (0.87) TeV
(i.e ξ = 0.05 (0.08)) and NHC = 3 is shown in Fig. 3 (top-right). To the initial LO
result, obtained with MadGraph5 aMC@NLO [133] with the NN23LO pdf set, I applied a
constant NNLO (plus partial N3LO)K-factor of 2.45 [134]. In the bottom-left panel I show
the excluded region in the mη3−YL plane from the ATLAS diphoton search [135]10 (in red)
and from the CMS Zγ search [136] (in green). The dashed (dotted) red line represents the
approximate expected future sensitivity in the γγ channel for 300 (3000) fb−1 of integrated
luminosity. The ZZ and WW searches are not sensitive enough in this scenario. The
limit already excludes values of |YL| & 1 for a wide range of η3 masses, implying that an
observation of such a singlet could be expected in future searches.
The mass mixing η2−η3, proportional to mE−mL, could also induce a gluon coupling
for the second singlet once the mass matrix is diagonalised. The only other mixing term
involving the singlets is the small one between η1 and Π
0
L, as discussed in Section. 6.1.
6.3.3 Color-octets
The pNGB spectrum contains two neutral color-octets p˜i01,3 and one charged color-octet
p˜i±3 . Their large QCD charge implies that they are likely the heaviest pNGBs. The
NDA estimate puts their mass in the ∼ 3 − 4 TeV range. They couple to pairs of SM
gauge bosons via the anomalous interactions in Eq. (6.3). The main decay mode of p˜i1
is in two gluons, with almost unity branching ratio and Γ(p˜i1 → gg) ≈ 1.4 GeV for
NHC = 3, f = 1.1 TeV, and mp˜i1 = 4 TeV. Subleading decay modes are into a gluon
and an electroweak gauge boson, including a photon. The color-octet-SU(2)w-triplet p˜i3,
instead, only couples to one gluon and one EW gauge boson. Therefore, while both can
be pair produced by QCD interaction, p˜i1 can also be singly produced via the anomalous
couplings to gluons. This is the most promising search channel for large masses and the
cross section for two different values of f is shown in the bottom-right panel of Fig. 3 as a
function of the mass. This is obtained by rescaling the singlet production cross section as
σ(pp→ p˜i1)LO = 8Γ(p˜i1→gg)Γ(η˜3→gg) σ(pp→ η˜3)LO, see e.g. Ref. [138]. In the same plot I also show
the present experimental limit from the ATLAS dijet resonance search [137] (I fixed an
10I take the efficiency of the fiducial region as ranging from 64% at 200 GeV to 75% at 2700 GeV.
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Figure 3: (Top-left) Branching ratios of η3 to gauge boson pairs via anomalous couplings, as a
function of YL.
(Top-right) Production cross section at 13 TeV LHC via gluon fusion for the singlet η3, NHC = 3,
and two values of f .
(Bottom-left) Excluded region at 95% CL in the mη3−YL plane from the ATLAS γγ search [135],
in red, and from the CMS Zγ search [136], in green. The dashed and dotted lines are future
LHC prospects for 300 and 3000 fb−1 of luminosity.
(Bottom-right) Signal cross section for the color octet p˜i1 in dijet (gg) as function of its mass, for
f = 1.1 (0.87) TeV in solid (dashed) blue. The purple region is excluded by the ATLAS dijet
search [137].
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approximate acceptance A ≈ 0.5). For a mass of 4 TeV the signal is well below the present
(as well as future) sensitivity. The present limits for pair-produced scalar color-octets are
only in the ∼ 800 GeV range [139]. Also the limits from jγ are still not sensitive, being
close to ∼ 1 fb for a mass of 4 TeV [140]. See Refs. [138,141] for a more detailed study of
the LHC phenomenology of these states.
6.3.4 Triplets
The two SU(2)w triplets Π
a
L,Q are expected to have masses around 2 TeV. They decay
via the anomalous couplings (6.3) with branching ratios
B(Π0L,Q → γγ) = B(Π0L,Q → ZZ) ≈ 0.27 , B(Π0L,Q → Zγ) ≈ 0.46 ,
B(Π±L,Q → W±γ) ≈ 0.78 ,B(Π±L,Q → W±Z) ≈ 0.22 .
(6.7)
They can be either singly produced in association with a gauge boson or in vector boson
fusion via the same couplings, or pair produced via electroweak gauge interactions. Due
to their large mass and electroweak production modes, they can’t be directly detected at
the LHC so I do not discuss them further.
6.3.5 Other pNGBs
The other pNGBs do not have any linear coupling to SM states, therefore no allowed
decay Φa → ϕSMϕSM. However, by expanding the Yukawa and LQ-coupling opera-
tors of Eqs. (3.13,3.22) one gets couplings of two pNGB to SM fermions such as L ⊃
gx/f ΦaΦbψSMψSM. A heavier pNGB can thus have a three-body decay into SM fermions
and a lighter pNGB, which in turn could decay to SM states (fermions or gauge bosons)
via the processes described above, as shown schematically in Fig. 4 (left). Compared to
direct two-body decays to fermions, these three-body decays are suppressed by the phase
space and by the EWSB parameter ξ = v2/f 2, since they are absent for ξ = 0. For these
reasons I do not expect them to modify in an important way the LQ branching ratios
described above, contrary to what was recently claimed in Ref. [142]. Another possible
decay mode is via trilinear pNGB couplings arising from the potential for ξ > 0 (since
there are none in the EW preserving vacuum). This would allow multi-body decays via
(possibly off-shell) intermediate pNGBs as shown schematically in Fig. 4 (right). I expect
these to be further suppressed with respect to the three-body ones by an even smaller
phase space and by the fact that the pNGB potential is loop-generated. Finally, tran-
sitions within the same representation of the SM gauge groups are always mediated by
couplings to SM gauge bosons.
R˜2 and T2
These states have a mass close to 3 TeV. The charges of the individual states are (where
all are 3 of color):
r 2
3
, r− 1
3
, t− 1
3
, t− 4
3
. (6.8)
31
  E 
[TeV]0.1 1 10
h
  ω± 
η3
ΠL  
 ΠQ 
T2 
R̃2
π̃1  
  π̃3 η1,2t H̃2
S1  
S3
ΛHC
ρ, …
Λt
Φc*
Φb*Φa
φSM
φSM
φSM
φSM
Φb
Φa
φSM
φSM
ψSM
ψSM
  E 
[TeV]0.1 1 10
h
  ω± 
η3
ΠL  
 ΠQ 
T2 
R̃2
π̃1  
  π̃3 η1,2t H̃2
S1  
S3
ΛHC
ρ, …
Λt
Φc*
Φb*Φa
φSM
φSM
φSM
φSM
Figure 4: Three-body pNGB decay via the LQ coupling Lagrangian (left) and multi-body
decays via trilinear interactions in the pNGB potential (right).
Some of the interactions mediating three-body decays as in Fig. 4 (left) are
LeffLQ ⊃
ig3√
2f
sin
θ
2
t¯cLντr
†
2
3
η˜R − i(g1 − g3)
2
√
2f
sin
θ
2
b¯cLντr
†
− 1
3
η˜R + h.c.
+
ig3√
2f
sin
θ
2
b¯cLτLt
†
− 4
3
η˜T +
i(g1 + g3)
2
√
2f
sin
θ
2
b¯cLντ t
†
− 1
3
η˜T + h.c. .
(6.9)
where η˜R,T = η1± 1√2η2∓ 1√30η3 are combinations of the three singlets, which in turn decay
to SM gauge bosons via their anomalous couplings. A complete list of the decay modes
is beyond the purpose of this paper. Their main production mode at hadron collider is in
pair-production via QCD interactions and the phenomenology is quite similar to the one
studied in Ref. [142], with bounds in the ∼ 800 GeV range. The expected mass in this
model is too large to make them observable at the LHC.
Heavy Higgs
The states in the heavy Higgs doublet H˜2 (i.e. h2, A0, and H
±) have masses mH˜2 . 2 TeV
and do not couple linearly neither to SM fermions nor to gauge bosons. However, they
have three-body decays as described above via the Lagrangian
LeffLQ ⊃ −
i
2
√
2f
sin
θ
2
h2 (g1S1q¯
c
Lβ1lL + g3S
a
3 q¯
c
Lβ3σ
alL) + h.c. , (6.10)
and similar terms for H± and A0. These terms clearly break the PH symmetry, thus
allowing for H˜2 decays. Depending on the masses, the leptoquarks might also be off-shell,
thus further suppressing the decay.
Charged singlet ω±
The only Φ2ψ2SM coupling linear in ω involves the R2 scalar, which is expected to be much
heavier and itself has three-body decays as shown above. The interaction Lagrangian is
LeffLQ ⊃
i sin θ/2
2f
ω+
(
2g3b¯
c
LτLr
†
− 1
3
+ (g1 + g3)b
c
Lντr
†
2
3
+ (g3 − g1)tcLτLr†2
3
)
+ h.c. . (6.11)
Possible other decay modes could arise from next terms in the expansion, LeffLQ ⊃ Φ3ψ2SM,
or from trilinear couplings in the potential. Some trilinear terms in the potential are
(schematically):
VpNGB ⊃ ω+(W−L η1, hΠ−L , ZLΠ−L , W−L Π0L, η2,3H−, s1(3),− 13 r
†
2
3
, . . .) , (6.12)
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where WL and ZL here represent the eaten NGBs. Since η1 might be the lightest pNGB
(other than the Higgs), the decay mode into Wη1 might be the leading one as both states
could be on-shell. Similarly to the charged heavy Higgs, also this is pair produced via
electroweak interactions and its mass, close to ∼ 1 TeV, is too heavy for the LHC. For
this reason I do not pursue a more detailed study of its collider phenomenology.
Dark matter
From Eq. (6.3) one can note that, in absence of the colored HC fermion and for YL = 0,
the anomalous coupling of η1 and ΠL vanish. This is a consequence of a symmetry
arising in that limit, as discussed in detail in Ref. [69]. This would potentially allow the
lightest neutral pNGB to be stable and therefore a possible dark matter candidate. In
this model, instead, the presence of ΨQ and the LQ couplings to fermions, break explicitly
this symmetry and allow decays of all pNGBs also for YL = 0. For example, the terms
in Eq. (6.9) mediate the decay of η1 via an off-shell R˜2 or T2 pNGB: η1 → ψSMψSMR˜∗2
(R˜∗2 → η2,3ψSMψSM).
Depending on NHC , for example for NHC = 3, the model can have heavy HC-baryons,
(ΨaΨbΨc). The lightest neutral one could be stable and a possible dark matter candidate.
A more careful analysis of this possibility, while being beyond the purpose of the present
paper, could be an interesting extension of this work.
7 Summary and conclusions
The naturalness problem of the electroweak scale is one of the most important unresolved
theoretical questions in our understanding of Nature at very small distances. At the same
time, we also lack an understanding of the observed pattern of SM fermions masses and
mixings. The recent observation of deviations from the SM predictions in some B-meson
decays could be the first hints of a new sector, which might provide an answer to these
questions.
With this underlying motivation, in this paper I presented a composite Higgs model
constructed from a fundamental fermionic UV description, based on a SU(NHC) gauge
group and vectorlike fermions in its fundamental representation. The approximate global
symmetry of the strongly coupled theory is spontaneously broken by the fermion con-
densate, inducing a symmetry-breaking pattern SU(NF )L × SU(NF )R → SU(NF )V , from
which the Higgs arises as one of the pNGBs. The Higgs sector of the theory corresponds
to the well-studied case of NF = 4 and the Higgs and electroweak phenomenology is
analogous to the one of most composite Higgs models. By adding an extra HC fermion,
charged also under both color and the electroweak group, the number of flavours and the
global symmetry groups are extended to NF = 10. This allows also the scalar leptoquarks
S1 and S3 to be part of the pNGB spectrum and be possible mediators for the observed
B-physics anomalies.
The model is however not UV complete, the coupling of the composite sector to SM
fermions arises from four-fermion operators with structure ψ¯SMψSMΨ¯HCΨHC , assumed to
be generated by some unspecified dynamics at a scale not too far above the confinement
scale ΛHC . The study of such a UV dynamics will be the focus of future work. An approx-
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imate SU(2)5 flavour symmetry is introduced to protect the theory from unwanted effects
in flavour physics and the conservation of a combination of baryon and lepton number is
imposed to avoid proton decay. Below the HC confinement scale these operators generate
the SM Higgs Yukawa couplings as well as the LQ couplings to fermions. Interestingly
enough, the required symmetries forbid a linear coupling to SM fermions for any other
pNGB.
These couplings allow the two scalar LQ to contribute to flavour observables. The
natural hierarchy mLQ  ΛHC and the approximate flavour symmetry protect the model
from unwanted effects (both in flavour and high-pT physics) from the heavy resonances.
An important constraint on the LQ couplings is obtained from τ → µγ, which imposes a
strong limit on the LQ coupling to right-handed fermions. Other relevant bounds are those
from Z and W couplings to τ and ντ , from B → K∗νν, and Bs−B¯s mixing. Improvements
in any of these will be crucial to test the coupling-structure of the model. As described in
Section 5.5, while the neutral-current anomalies can be completely addressed, the charged-
current ones can be only partially recovered due to the Bs mixing constraint. Assuming
this is solved by a mild tuning with some extra contribution, a residual ∼ 1.5σ discrepancy
remains in R(D(∗)) due to tension with the EWPT, see also Ref. [45].
This difficulty in reproducing to the full extent the b→ cτ ν¯ excess is common in many
new physics interpretations of the anomalies, suggesting that those in charged-current, if
confirmed, might decrease in size when more data will be analysed.
Spurion analysis and NDA estimates allow to study the pNGB potential, generated by
the explicit global-symmetry breaking terms. With this, the conditions for a successful
electroweak symmetry breaking are identified and the pNGB spectrum can be estimated,
see Fig. 1. The leading source of pNGB masses is due to SM gauge contributions. These
make the colored states the heaviest (mSU(3) ∼ 2 − 4 TeV), followed by the electroweak
ones (mSU(2)×U(1) ∼ 1−2 TeV), and finally the singlets (mη ∼ 0.8−1 TeV), which receive
a mass only from the fundamental HC fermion masses.
In general, such a heavy spectrum might prove challenging to test at the LHC. The
NDA estimate for the masses of the two scalar LQ mediating the flavour anomalies is
mS1,3 ∼ 1.5 TeV. At present, the most sensitive search channel at the LHC is via pair-
production, with decays into third-generation fermions. The most recent limits crossed
the 1 TeV threshold but from Fig. 2 it is clear that the region in masses and couplings
relevant to this model might not be probed even at HL-LHC.
The pNGB with most promising prospects for a LHC observation is the singlet η3,
which couples to pairs of SM gauge bosons via the anomaly, so that it can be produced in
gluon-fusion and decay in two photons. Present diphoton searches already put relevant
constraints on the model parameters, as can be seen in Fig. 3. All the other states,
including the heavy resonances at the ΛHC scale, might require the next generation of
colliders in order to be observed.
In the next few years the LHCb and Belle II experiments will provide a conclusive
answer as to the nature of the present B-physics anomalies. If they will be confirmed
as genuine new physics effects, our understanding of Nature at the TeV scale will be
revolutionised. In order to uncover the UV dynamics underlying these flavour effects,
a multi-pronged approach must be adopted, combining flavour physics, Higgs and elec-
troweak precision measurements, and high-pT direct searches. This can only be done in
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concrete UV models, and the composite scenario described here represents an interesting
case where all three provide crucial pieces of information.
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A Requirements for a UV description
The choices of viable UV theories for a composite Higgs model with a fundamental
fermionic strongly interacting theory are constrained by a set of theoretical and phe-
nomenological requirements.
I begin by introducing a new gauge interaction, called hypercolor (HC), with a simple
group GHC , and a set of new Weyl fermions ψi charged under this symmetry as well as
under the SM gauge group:
ψi ∼ (riHC , ric, riw)Yi . (A.1)
In the absence of SM gauging and other explicit symmetry-breaking terms, the theory
enjoys a global symmetry G = SU(n1) × SU(n2) × . . . × SU(np) × U(1)p−1, where p is
the number of different types of representations rHC under GHC of the HC fermions,
each with ni fermions [65, 66]. The number ni corresponds to the dimension of the SM
representation of ψi. This also fixes the embedding of the SM gauge group in G. I assume
hypercolor confines at a scale ΛHC and that the theory forms a condensate, which breaks
spontaneously the global symmetry G to a subgroup H. The type of spontaneous breaking
of the global symmetry depends on the type of representation riHC of the fermions under
GHC [65, 66]:
a Complex and vectorlike. In this case one has n fermions ψi in a complex represen-
tation and n fermions ψci in the conjugate one. The condensate 〈ψciψj〉 = −B0f 2δij
breaks SU(n)1 × SU(n)2 → SU(n)D.
b Real. In this case 〈ψiψj〉 = −B0f 2φij, where φij = φji, breaks SU(n)→ SO(n).
c Pseudo-real. In this case 〈ψiψj〉 = −B0f 2φij, with φij = −φji, breaks SU(n) →
Sp(n).
For each of these, the minimal scenarios which include the Higgs doublet as pNGB as well
as custodial symmetry are listed in Refs. [65,66,70] (see also the examples in [63,67–69])11:
a) SU(4)1 × SU(4)2 → SU(4)D, b) SU(5) → SO(5), and c) SU(4) → Sp(4), which is
isomorphic to SO(6)→ SO(5).
The goal is to find the viable hypercolor groups and set of fermions ψi which satisfy a
number of requirements:
11It should be noted that Refs. [65,67,68,70] also require partial compositeness for SM fermions via a
linear mixing with HC-baryons. This imposes some important restrictions on the possible models.
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1. H ⊃ SU(3)c×SU(2)L×SU(2)R×U(1)X . This includes the requirement of custodial
symmetry, unbroken color, and correct hypercharge assignment.
2. G/H should include at least one Higgs doublet H ∼ (1,2)1/2 and the scalar lepto-
quarks S1 ∼ (3¯,1)1/3 and S3 ∼ (3¯,3)1/3.
3. Absence of gauge anomalies.
Requiring the presence of scalar leptoquarks among the pNGB, some of the HC
fermions have to be colored. In fact, these states arise as GHC-invariant bilinears of HC
fermions: (ψciψj) in the complex case or (ψiψj)s(a) (where s (a) stands for the (a)symmetric
part) in the (pseudo-)real case. At the same time, SU(3)c should be contained in the un-
broken group H, i.e. the condensate should be a singlet of color. I aim to find a field
content which satisfies these conditions with the smallest number of flavours. Let us focus
first on the HC-fermions which carry color. For minimality I consider only fields in the
fundamental of SU(3)c.
In the case of real or pseudo-real representations of GHC it has been recognised [65,70]
that a solution, free from gauge anomalies, can be found by introducing two HC-fermions
in the fundamental and anti-fundamental of color: χ1 ∼ (3, rχw), χ2 ∼ (3¯, r¯χw). The global
group, SU(6 × dim(rχw)), is then broken by the 〈χiχj〉 condensate to SO(6 × dim(rw)),
if χi are in the real representation, or to Sp(6 × dim(rw)) if they are in the pseudo-real.
Of course, the unbroken group should be aligned in the SU(3)c-invariant direction. Since
S3 is charged under SU(2)w, a way to obtain such a colored triplet must be also found,
either by having a non-trivial rχw, or by introducing extra triplets. By inspection it is
easy to show that, in either case, the number of flavours quickly grows quite large, being
always above at least 14 once also the Higgs and custodial symmetry requirements are
added. One should then also check explicitly that the S1,3 representations are indeed
present among the broken generators. I do not consider further possible solutions in this
direction.
Let us assume instead that the HC fermions carrying color sit in a complex repre-
sentation of GHC , coming in vectorlike pairs to guarantee absence of gauge anomalies:
ψQ = (r
Q
HC ,3, r
Q
w)YQ and ψ
c
Q = (r¯
Q
HC , 3¯, r¯
Q
w)−YQ . The models in Refs. [67, 68] fall in this
category. In order to have the S1 and S3 LQ then requires other uncolored HC fermions
in the same complex GHC representation: S1,3 ∼ (ψcQη). Particularly appealing is then
the case where rQw ∼ 2, so that η = ψL ∼ (rQHC ,1,2) and it can be identified as the
same HC fermion also responsible for the Higgs sector. In this case the minimal number
of flavours compatible with points 1) and 2) is NF = 10, giving a symmetry-breaking
pattern SU(10)1 × SU(10)2 → SU(10)D.12 The vectorlike character of the theory also
ensures automatically that all gauge anomalies vanish. This is the solution considered in
the main text.
12Note that another solution, with same number of flavours, could be obtained by substituting ψQ with
two fields: ψU = (r
Q
HC ,3,1) and ψT = (r
Q
HC ,1,3), in which case the LQs are given by S3 ∼ (ψcUψT ),
S1 ∼ (ψcUψE,N ). The case described in the main text is more minimal in the sense of requiring less
irreducible SM representations and gives a closer relation between S1 and S3 since they have the same
valence HC-fermions.
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B RG evolution of the gauge couplings
For n Weyl spinors in the fundamental representation of G = SU(N), the 1-loop β-function
of the gauge coupling, β(g) = µ dg
dµ
, is given by
β(g) ≈ g
3
16pi2
b0 , b0 = −
(
11
3
N − 2
3
1
2
n
)
. (B.1)
For the four gauge couplings in this model, with GHC = SU(NHC), one has:
bHC0 = −
11
3
NHC +
20
3
,
bc0 = −11 +
12 + 4NHC
3
,
bw0 = −
22
3
+
12 + 8NHC
3
,
bY0 =
20
3
+
2NHC
9
(7− 24YL + 60Y 2L ) .
(B.2)
While HC is always asymptotically free (for any NHC ≥ 2), requiring color to be asymp-
totically free as well fixes the upper bound NHC ≤ 5. Instead, both SU(2)w and U(1)Y
always grow in the UV. For NHC = 3 and for YL = 0 or
1
2
the theory remains perturbative
up to the Plank scale. For YL = −12 , instead, the hypercharge reaches the Landau pole
close to ∼ 1012 GeV.
C SU(10) generators
C.1 List of generators
The embedding of GSM in SU(10)L,R is diagonal in the two groups and given by the
following expression of the HC fermion
Ψ =
(
Ψ1Q,1,Ψ
1
Q,2,Ψ
1
Q,3,Ψ
2
Q,1,Ψ
2
Q,2,Ψ
2
Q,3,Ψ
1
L,Ψ
2
L,ΨN ,ΨE
)
, (C.1)
where the index shown explicitely are Ψ
SU(2)w
SU(3)c
. All the SU(10) generators are normalised
as Tr[TαT β] = 1
2
δαβ.
In this notation i = 1, 2, 3 indicate SU(2)w indices while A = 1, . . . , 8 indicate SU(3)c
indices, both in the adjoint representations. It is useful to classify the generators in the
SU(6)× SU(4) subgroups of SU(10). The generators of the SU(4) subgroup are:
T i =
1
2
 06×6 06×2 06×202×6 σi 02×2
02×6 02×2 02×2
 , T 3+i = 1
2
 06×6 06×2 06×202×6 02×2 02×2
02×6 02×2 σi
 ,
T 5+2a =
1
2
 06×6 06×2 06×202×6 02×2 Ma2×2
02×6 (Ma2×2)
T 02×2
 , T 5+2a+1 = 1
2
 06×6 06×2 06×202×6 02×2 iMa2×2
02×6 −i(Ma2×2)T 02×2
 ,
T 15 =
1
2
√
2
 06×6 06×2 06×202×6 12×2 02×2
02×6 02×2 −12×2
 , (C.2)
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where a = 1, 2, 3, 4 and Ma2×2 are defined as
M1 =
(
0 0
1 0
)
, M2 =
(
1 0
0 0
)
, M3 =
(
0 1
0 0
)
, M4 =
(
0 0
0 1
)
. (C.3)
The SU(6) generators are (I take the Gell-Mann matrices normalised as Tr[λAλB] =
δAB/2):
T 15+A =
1√
2
 λA 03×3 03×403×3 λA 03×4
04×3 04×3 04×4
 , T 15+i×8+A = 1√
2
 σi11λA σi12λA 03×4σi21(λA)† σi22λA 03×4
04×3 04×3 04×4
 ,
T 15+4×8+i =
1
2
√
3
 σi1113×3 σi1213×3 03×4σi2113×3 σi2213×3 03×4
04×3 04×3 04×4
 . (C.4)
The generators associated with the leptoquarks S1,3 can be written as
tSi,A1,3
=
1
2
√
2

03×3 03×3 σi11M
α
31 σ
i
12M
α
31 03×2
03×3 03×3 σi12M
α
31 σ
i
22M
α
31 03×2
σi,∗11M
T,α
31 σ
i,∗
21M
T,α
31 0 0 01×2
σi,∗12M
T,α
31 σ
i,∗
22M
T,α
31 0 0 01×2
 ,
t(Si,A1,3 )∗ =
1
2
√
2

03×3 03×3 iσi11M
α
31 iσ
i
12M
α
31 03×2
03×3 03×3 iσi12M
α
31 iσ
i
22M
α
31 03×2
−iσi,∗11MT,α31 −iσi,∗21MT,α31 0 0 01×2
−iσi,∗12MT,α31 −iσi,∗22MT,α31 0 0 01×2
 ,
(C.5)
where α = 1, 2, 3, (Mα31)i = δ
α,i and for i = 1, 2, 3 this describes the generators associated
with S3 while with i = 4 (i.e. σ
4 = 1) this describes the generator of S1. They are
assigned as:
T 50+6(i−1)+(2α−1) = tSi,A1,3 , T
50+6(i−1)+(2α) = t(Si,A1,3 )∗ , (C.6)
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The generators associated with the states T2 and R˜2 are
T 74+4X+(2α−1) =
1
2

03×3 03×3 03×2 MX+α32
03×3 03×3 03×2 03×2
02×3 02×3 02×2 02×2
MX+α,T32 02×3 02×2 02×2
 ,
T 74+4X+(2α) =
1
2

03×3 03×3 03×2 iMX+α32
03×3 03×3 03×2 03×2
02×3 02×3 02×2 02×2
−iMX+α,T32 02×3 02×2 02×2
 ,
T 74+4X+6+(2α−1) =
1
2

03×3 03×3 03×2 03×2
03×3 03×3 03×2 MX+α32
02×3 02×3 02×2 02×2
02×3 M
X+α,T
32 02×2 02×2
 ,
T 74+4X+6+(2α) =
1
2

03×3 03×3 03×2 03×2
03×3 03×3 03×2 iMX+α32
02×3 02×3 02×2 02×2
02×3 −iMX+α,T32 02×2 02×2
 ,
(C.7)
where X = 0 (3) for T2 R˜2, α = 1, 2, 3, and (M
b
32)xy = δ
b,3(y−1)+x, with x = 1, 2, 3, y = 1, 2,
and b = 1, . . . , 6.
The last generator (which is a singlet under the SU(6)× SU(4) subgroups) is:
T 99 =
√
3
40
( −2
3
16×6 06×4
04×6 14×4
)
. (C.8)
In this basis, the 3 Cartan generators of SU(10)D singlets under GSM are (in a block-
diagonal notation)
T η1 = T 6 = (06×6)× (02×2)× 1
2
(
σ3
)
,
T η2 = T 15 = (06×6)× 1√
8
(12×2)× −1√
8
(12×2) ,
T η3 = T 99 =
−1√
30
(16×6)×
√
3
40
(14×4) .
(C.9)
Standard Model gauging
The SM gauge generators are embedded in the unbroken global symmetry group, GSM ⊂
SU(10)D×U(1)X , and are defined from how they act on the HC fermions Ψ, for example
TY Ψi = YiΨi and analogously for the SU(2)w and SU(3)c generators. This implies that,
while being defined from SU(10) generators, they are normalised as Tr[TαGSMT
β
GSM
] =
δαβnr/2, where nr is the number of irreducible representations of the specific gauge group
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GSM inside Ψ. In particular, they are given by:
TASU(3)c =
√
2T 15+A ,
T iSU(2)w = T
i +
√
3T 15+4×8+i ,
TY = T
6 +
2
√
30
15
T 99 +
(
YL − 1
5
)
110×10 .
(C.10)
C.2 Defining the pNGB
The 99 real pNGB are labelled from their association with the respective SU(10) generator:
φαTα. From this, I define those with specific SM quantum numbers, as listed in Eq. (2.7).
η1 = φ
6 , η2 = φ
15 , η3 = φ
99 , (C.11)
p˜iA1 = φ
15+A , p˜iA,i3 = φ
15+i×8+A , (A = 1, . . . , 8, i = 1, 2, 3) (C.12)
ΠiL = φ
i , ΠiQ = φ
15+4×8+i , (i = 1, 2, 3) , ω± = (φ4 ∓ iφ5)/
√
2 , (C.13)
h1,41 = −φ7,10 , h2,31 = φ8,9 , ha2 = φ10+a , (a = 1, . . . , 4) , (C.14)
sA,α3 = φ
50+6(A−1)+α , sα1 = φ
50+6×3+α , (A = 1, 2, 3, α = 1, . . . , 6) (C.15)
tβ2 = φ
74+β , r˜β2 = φ
74+12+β , (β = 1, . . . , 12) . (C.16)
From these real (except ω±) fields one can get the complex ones as:
H1,2 =
1√
2
(
h11,2 + ih
2
1,2
h31,2 + ih
4
1,2
)
, Π+L,Q =
1√
2
(Π1L,Q − iΠ2L,Q) , Π0L,Q = Π3L,Q , (C.17)
T a2 =
1√
2
(
t5+2a2 − it6+2a2
t2a−12 − it2a2
)
, R˜a2 =
1√
2
(
r˜2a−12 + ir˜
2a
2
r˜5+2a2 + ir˜
6+2a
2
)
, (C.18)
Sa1 =
1√
2
(
s2a−11 − is2a1
)
, S
a,+ 1
3
3 =
1√
2
(
s3,2a−13 − is3,2a3
)
,
S
a,+ 4
3
3 =
1
2
(
s1,2a−13 − is2,2a−13 − is1,2a3 − s2,2a3
)
,
S
a,− 2
3
3 =
1
2
(
s1,2a−13 + is
2,2a−1
3 − is1,2a3 + s2,2a3
)
,
(C.19)
where a = 1, 2, 3 is a SU(3)c index.
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C.3 Higgs and Leptoquark spurions
The spurions corresponding to the two Higgs doublets are defined, in a block-diagonal
matrix notation, as:
∆1H1 = 16×6 ⊗

0 0 0 0
0 0 −1 0
0 0 0 0
0 0 0 0
 , ∆2H1 = 16×6 ⊗

0 0 1 0
0 0 0 0
0 0 0 0
0 0 0 0
 ,
∆1H2 = 16×6 ⊗

0 0 0 0
0 0 0 0
0 0 0 0
1 0 0 0
 , ∆2H2 = 16×6 ⊗

0 0 0 0
0 0 0 0
0 0 0 0
0 1 0 0
 .
(C.20)
Those of the two scalar leptoquarks, instead, have non-vanishing elements only in the
6× 2 block in positions B = [1-6,7-8] of the 10× 10 matrix:
[∆aS1 ]B :

1 0
0 0
0 0
0 1
0 0
0 0
 ,

0 0
1 0
0 0
0 0
0 1
0 0
 ,

0 0
0 0
1 0
0 0
0 0
0 1
 , (C.21)
[∆i aS3 ]B :

0 1
0 0
0 0
1 0
0 0
0 0
 ,

0 0
0 1
0 0
0 0
1 0
0 0
 ,

0 0
0 0
0 1
0 0
0 0
1 0
 ,

0 −i
0 0
0 0
i 0
0 0
0 0
 ,

0 0
0 −i
0 0
0 0
i 0
0 0
 ,

0 0
0 0
0 −i
0 0
0 0
i 0
 ,

1 0
0 0
0 0
0 −1
0 0
0 0
 ,

0 0
1 0
0 0
0 0
0 −1
0 0
 ,

0 0
0 0
1 0
0 0
0 0
0 −1
 ,
(C.22)
where a = 1, 2, 3 (columns) is a color index while i = 1, 2, 3 (rows) is a SU(2)w index in
the adjoint.
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